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ABSTRACT 
Recent climate-exacerbated infestation of the mountain pine beetle in the Rocky 
Mountains of North America has resulted in tree death across the region that is unprecedented in 
recorded history. The spatial and temporal heterogeneity of the infestation creates a complex and 
often inconsistent watershed response, impacting the primary storage and flow components of 
the hydrologic cycle and interrelated biogeochemical cycle. Beginning with a review and 
synthesis of current literature, this dissertation moves toward a better understanding of the effects 
of the mountain pine beetle on the water supply and quality from forested mountain headwaters. 
Specifically, this work focuses on tree-death induced changes in metal mobility and the potential 
for changes in hydrologic processes and flow paths that would affect how mobilized metals and 
other potential contaminants reach stream networks.  
First, metal mobility analysis combining sequential extraction procedures and 
geochemical model simulations found select metals are redistributed and accumulate in soils 
altered by MPB-driven tree death. Modeling indicates that these changes are driven by changes 
in organic matter inputs with tree death and needle fall, as well as direct additions of metals from 
litter leachate. Next, long term transport and hydrologic memory of disturbance are evaluated 
through the identification of changes in hydrologic flow paths. Chemical and isotopic 
hydrograph separations uncovered the potential for increased groundwater contributions to 
streamflow during the late summer in MPB-impacted watersheds. These field-based approaches 
provide some spatial and temporal control to make inherently challenging comparisons; however 
numerical modeling of flow paths is needed for additional interpretation in the presence of 
natural variability. The final component of this dissertation employs a fully integrated 
groundwater/surface water/land surface model with a Lagrangian particle-tracking scheme to 
further understand changes in flow paths and age distributions with mountain pine beetle 
infestation. Model results provide insight into the processes behind the observed increase in 
groundwater contributions and a platform for future investigations of changing flow paths across 
scales and climates. 
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CHAPTER 1 
INTRODUCTORY REMARKS  
The Rocky Mountains are an important source of water throughout western North 
America; however the hydrologic processes in these systems and the feedbacks to 
biogeochemistry are complex and changing climate throughout the region is of specific concern 
to these mountain ecosystems (Bales et al. 2006). Forested areas in the region are particularly 
sensitive to drought and warmer temperatures that not only stress trees directly, but have also 
exacerbated insect infestation (Williams et al. 2010; 2013). As a result, over the last decade the 
mountain pine beetle (MPB) has killed trees across forested acreage in the Rocky Mountains that 
is unprecedented in recorded history. In an already complex system, the hydrological and 
biogeochemical response to widespread but spatially and temporally variable land cover change 
is an important area of active research.  
As trees die, fundamental processes of the hydrologic cycle are lost, including 
transpiration, interception, and shading from solar radiation. The loss of shading drives increases 
in ground evaporation, which may offset the decrease in return fluxes to the atmosphere. As a 
result, the combined response in runoff and flow pathways is regionally specific and poorly 
understood.  In addition, nutrient uptake and root exudation ceases with tree death, and 
eventually a pulse of needles is dropped to the forest floor. When combined with changes in soil 
moisture and exposure, the biogeochemical response is challenging to predict. The current 
literature on MPB-driven changes to interrelated water and nutrient cycles is reviewed and 
synthesized in Chapter 2 of this dissertation, providing additional background on MPB 
infestation and future research needs.   
The research presented in this dissertation takes a place-based approach to investigating 
the effects of the MPB on water resources in Rocky Mountain National Park (RMNP), home to 
important mountain headwaters of the Colorado and South Platte Rivers. The extensive 
landscape change caused by the MPB unavoidably catches the attention of over 3 million visitors 
to RMNP annually (Figure 1.1), but the changes in water quality and quantity are subtler. 
Identifying the interactions and feedbacks between these changes is perhaps even more 
challenging.  
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Figure 1.1: Photograph of beetle-killed trees in Rocky Mountain National Park above Grand 
Lake. 
 
Here, the impacts from MPB-induced tree mortality on hydrologic flow paths and trace 
metals (two research needs identified in Chapter 2) are a specific focus. Chapter 2 was 
coauthored primarily with K. Mikkelson and published as a Synthesis and Emerging Ideas paper 
in Biogeochemistry (Mikkelson et al. 2013a). Chapter 3 was published in Science of the Total 
Environment (Bearup et al. 2014b) and presents a tree-scale look at the potential for metal 
mobility after trees are killed by the MPB.  The combined approach using modeling and field 
sample analysis presents compelling evidence of biogeochemical changes and resultant changes 
in trace metals cycles. Chapter 4 was published in Nature Climate Change (Bearup et al. 2014a) 
and identifies alterations in streamflow contributions from groundwater in MPB-impacted 
watersheds using a chemical and isotopic hydrograph separations from data collected in two 
watersheds in RMNP. Finally, Chapter 5 approaches the question of changing streamwater 
sources in impacted watersheds from a modeling perspective, using an integrated model of the 
subsurface through the land surface combined with a Lagrangian particle tracking code to 
identify changes in flow paths and residence times with land cover change.  This model seeks to 
provide not only process-level understanding of the field-based hydrograph separation results but 
also a platform for understanding transport in these watersheds that could be used to identify 
long-term impacts of metal mobilization. 
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CHAPTER 2 
BARK BEETLE INFESTATION IMPACTS ON NUTRIENT CYCLING, WATER QUALITY 
AND INTERDEPENDENT HYDROLOGICAL EFFECTS 
 
Modified from a paper published in Biogeochemistry1 
 
Kristin M. Mikkelson2,3*, Lindsay A. Bearup2,3*, Reed M. Maxwell3,4, John D. Stednick5, John E. 
McCray2,3 and Jonathan O. Sharp2,3 
 
1Reprinted with permission from Biogeochemistry (2013) 115:1-21 and all co-authors.    
2Department of Civil and Environmental Engineering; Colorado School of Mines 
 3Hydrological Science and Engineering Program; Colorado School of Mines 
 4Department of Geology and Geological Engineering; Colorado School of Mines 
5Department of Forest and Rangeland Stewardship; Colorado State University 
 
*Both Kristin Mikkelson and Lindsay Bearup were primary authors in the writing of this manuscript. 
Bearup wrote the coupled hydrologic and biogeochemical shifts section and contributed to the introduction 
and summary/synthesis sections. Mikkelson wrote the abstract, introduction, water quality and nutrient 
cycling and summary/synthesis sections. Maxwell, Stednick, McCray and Sharp all contributed to the 
synthesis and writing of the manuscript. 
 
Abstract 
Bark beetle populations have drastically increased in magnitude over the last several decades 
leading to the largest-scale tree mortality ever recorded from an insect infestation on multiple 
wooded continents. When the trees die, the loss of canopy and changes in water and nutrient 
uptake lead to observable changes in hydrology and biogeochemical cycling. This review aims to 
synthesize the current research on the effects of the bark beetle epidemic on nutrient cycling and 
water quality while integrating recent and relevant hydrological findings, along with suggesting 
necessary future research avenues. Studies generally agree that snow depth will increase in 
infested forests, though the magnitude is uncertain. Changes in evapotranspiration are more 
variable as decreased transpiration from tree death may be offset by increased understory 
evapotranspiration and ground evaporation. As a result of such competing hydrologic processes 
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and the inherent variability of natural watershed characteristics, water quality changes related to 
beetle infestation are difficult to predict and may be regionally distinct. However, tree-scale 
changes to soil-water chemistry (N, P, DOC and base cation concentrations and composition) are 
being observed in association with beetle outbreaks which ultimately could lead to larger-scale 
responses. The different temporal and spatial patterns of bark beetle infestations due to different 
beetle and tree species leads to inconsistent infestation impacts. Climatic variations and large-
scale watershed responses provide a further challenge for predictions due to spatial 
heterogeneities within a single watershed; conflicting reports from different regions suggest that 
hydrologic and water quality impacts of the beetle on watersheds cannot be generalized. 
Research regarding the subsurface water and chemical flow-paths and residence times after a 
bark beetle epidemic is lacking and needs to be rigorously addressed to best predict watershed or 
regional-scale changes to soil-water, groundwater, and stream water chemistry. 
2.1 Introduction 
 The current bark beetle (Dendroctonous ponderosae) epidemic in western North America 
presents challenging water-resource problems. Bark beetle outbreaks are typically endemic and 
result in minimal tree mortality in affected watersheds; however, the recent outbreak has affected 
an unprecedented number of lodgepole pine trees (Pinus contorta) in the Rocky Mountain West, 
with some watersheds reaching 100% tree mortality (Raffa et al. 2008) and over 5 million 
hectares infested in both the western US and British Columbia (Meddens et al. 2012). Outbreaks 
are not specific to North America, and analogous increases in the magnitude of infestation have 
been observed in both Europe and Asia (Huber et al. 2004; Tokuchi et al. 2004). Due to the 
current scale of infestations, there has been an increase in research addressing water resource 
effects (both quality and quantity) resulting from bark beetle outbreaks. 
Prior bark beetle hydrology reviews have focused on water quantity impacts from tree 
die-off and draw heavily on past findings relating to forest management and harvesting practices 
(Hélie et al. 2005; Schnorbus et al. 2011; Adams et al. 2012; Pugh and Gordon 2013). However, 
the different processes affecting water supply have a direct and quantifiable impact on nutrient 
cycling and hence, water quality (Bricker and Jones 1995). Recent work has developed 
conceptual frameworks of the coupled biogeochemical and biogeophysical impacts of the bark 
beetle (Pugh and Small 2012; Edburg et al. 2012); and model simulations suggest that given the 
large variability in beetle outbreak dynamics and heterogeneity in watersheds, a large range of 
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nutrient responses are possible (Edburg et al. 2011). We expand upon these frameworks by 
critically synthesizing literature relating to the effects of the bark beetle epidemics on water 
quality, while integrating relevant research on water quantity and hydrology, to better understand 
interrelated feedbacks. While bark beetles may infect many varieties of coniferous trees which 
may slightly alter the watershed biogeochemical response, our emphasis on water quality mostly 
focuses on the repercussions of beetle-induced die-off of lodgepole pine (Pinus contorta), 
Douglas-fir (Psuedotsuga menziesii) and Engelmann spruce trees (Picea engelmannii), which 
forms most of the recent literature. It has also been shown that biogeochemical cycling post 
beetle infestation, particularly nitrogen cycling, does not significantly differ between host species 
(Griffin and Turner 2012).  
As the climate changes throughout most forested regions, characteristics of bark beetle 
infestations are predicted to intensify (Ayres and Lombardero 2000; Dale et al. 2001; Williams 
and Liebhold 2002). With warming temperatures, outbreaks are predicted to shift towards higher 
latitudes and higher elevations (Dale et al. 2001; Williams and Liebhold 2002; Jönssona et al. 
2006) and insect biodiversity will generally decrease (Williams and Liebhold 2002; Fleming 
1996; Coley 1998). In addition, adaptation to the changing climate has resulted in a second insect 
generation per growing season, further intensifying the epidemic (Mitton and Ferrenberg 2012). 
Until sufficient vegetation regrowth and forest renewal, the deforested zone shifts from a carbon 
sink to a carbon source, which may further contribute to climate change (Kurz et al. 2008).  
Changes in canopy cover, interception and evapotranspiration have the potential to alter 
hydrologic processes including streamflow and soil moisture along with forest biogeochemistry 
(Figure 2.1). Larval feeding and the introduction of blue-staining fungus carried by bark beetles 
immediately restricts water and nutrient flow to the tree (Reid 1961). The needles on an attacked 
tree progress in color from green to red within 2-3 years after attack; several years later, the tree 
appears grey as the needles drop to the forest floor faster than the typical annual litter-fall (Kim 
et al. 2005), thus decreasing canopy cover and interception of precipitation.  
Along with needle drop, tree branches and trunks fall to the forest floor and decay leaches 
increased amounts of carbon, phosphorus, and base cations into the soil matrix (Yavitt and Fahey 
1986) potentially altering the forest biogeochemistry. Tree-fall rate is variable with climate, tree 
diameter, land geomorphic characteristics, forest management practices and tree species and can 
occur anywhere from 5-25 years post infestation (Mitchell and Preisler 1998). All of the inherent 
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changes in a bark beetle infested forest could ultimately contribute to detrimental and complex 
changes to both water quality and quantity that vary both spatially and temporally from the onset 
of infestation.  
 
 
Figure 2.1: A conceptual image depicting the continuously changing hydrologic and 
biogeochemical cycles during the various phases of bark beetle infestation.  The top portion of 
the figure contains the visual representation of the three primary phases of infestation, with the 
accompanying elements of the hydrologic cycle.  Fluxes are denoted with arrows and storage 
reservoirs as rectangles with the associated increase or decrease in the process depicted by the 
fill departure above or below the N.S.C. (“no significant change”) line. While differences in 
changes of each variable have been observed due to catchment characteristics, climate and 
infestation characteristics, the filled-in portion displays the general trend even though magnitude 
may vary.  T = transpiration, E = ground evaporation, I = interception, SWE = snow water 
equivalent, θ = soil moisture, A = ablation and Q = water yield. The bottom of the figure displays 
the temporal trends associated with the different phases of infestation and the expected 
alterations in biogeochemical cycling. An up arrow indicates concentrations above baseline, a 
down arrow indicates concentrations below baseline and a horizontal dash indicates no 
significant change (with the size of the arrow indicating magnitude). *Indicates this trend depicts 
the majority of results published, although occasional studies have not observed this trend.  
 
While the bark beetle infestations create somewhat different changes in hydrology and 
biogeochemistry, a large pool of literature exists on other types of land disturbances that have 
similar post-disturbance phenomena. The two most common land disturbances compared to bark 
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beetle infestation are tree harvest and fire. Adams et al. (2012) conducted an extensive review on 
the ecohydrological similarities and differences between tree mortality associated with canopy 
die-off, forest harvesting practices and fire and highlighted below are some of the different 
responses that are important to distinguish. One of the main differences is that in high severity 
fires and many tree harvesting practices, there is entire loss of the overstory canopy, while in 
bark beetle infestations mortality is not necessarily continuous across the entire watershed. In 
general, fire is not as similar to bark beetle infestations as tree harvesting, as fire completely 
alters ground surface vegetation and soil surface properties. Forest harvesting is similar in many 
ways to bark beetle infestations, inasmuch as both disturbances result in diminished canopy and 
reduced vegetative nutrient and water uptake; however, forest harvesting also often includes soil 
disturbance, soil compaction and road construction and maintenance, all of which contribute to 
differences in hydrological and biogeochemical processes. Beetle-induced tree mortality also 
occurs in phases, with the tree initially losing its ability to take up water and nutrients, followed 
by needle discoloration and several years later actual needle drop. This slower transitioning 
results in less stark changes to forest biogeochemistry, as soil buffering and surviving vegetation 
can often compensate lowering nutrient export and observed hydrological changes (Griffin et al. 
2013). In comparison, forest harvesting occurs on a much shorter timescale with complete 
canopy removal associated with immediate tree death. With the above highlighted differences 
between bark beetle infestations and other land disturbances, it becomes apparent that even with 
similarities we can draw upon from the extensive pool of literature on non-bark beetle canopy-
changing disturbances, it is necessary to review and synthesize the impacts bark beetle 
infestations can have on hydrological and biogeochemical processes. 
2.2 Coupled hydrologic and biogeochemical shifts  
Observed water quantity impacts from widespread insect outbreaks range from tree-scale 
processes, such as evapotranspiration, soil moisture and snow accumulation and melt, to 
watershed-scale effects, such as water yield and peak flow rates (Figure 2.1). These perturbations 
can have collective effects on water quality and make understanding hydrologic changes an 
essential first step to water quality predictions; this is particularly important in regions like 
Colorado’s Front Range, where the majority of the water supply is generated from mountain 
snowmelt. While the magnitude may vary, most studies show similar trends in tree-scale water 
quantity processes such as soil moisture and snow accumulation with increasing die-off (Table 
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2.1). As more processes and diverse environmental variables are incorporated at larger scale, the 
response of large watersheds is more uncertain and varies between watersheds (Stednick and 
Jensen 2007; Weiler et al. 2009; Adams et al. 2012). The sections below highlight recent 
research on the effects of the beetle infestation on water quantity and further integrate this 
understanding to explain how alterations to the water budget can affect water quality.  
2.2.1 Snow Accumulation and Ablation 
Snow pack accumulation typically increases with reduced interception as trees progress from 
green to grey canopy phases (Boon 2007; Boon 2009; Teti 2009; Pugh and Small 2012). 
However, observations also suggest that net accumulation may be minimal due to increases in 
ablation (i.e. combined melt, sublimation, and wind removal) which offset decreases in 
interception (Biederman et al. 2014). The observed magnitude of change in snow water 
equivalent (SWE) or accumulation is directly related to the ability of ablation at the ground 
surface to offset increased snow inputs from decreased interception. In general, ablation rates 
tend to be higher in infested watersheds (Potts 1984; Boon 2009; Pugh and Small 2012). Teti 
(2009) found that ablation rate variability could be described by radiation transmittance and 
basal area. Initial model results from Boon (2007) found a modest reduction in ablation rate; 
however, incorporation of a more detailed water balance by Boon (2009) suggests that rates 
increase in impacted stands. In addition to the increase in exposure due to solar radiation, 
increased needle-fall on the snow surface decreases snow albedo, in turn leading to increased 
snow ablation energy (Winkler et al. 2010; Pugh and Small 2012). This phenomenon is 
particularly important in red and grey phase stands, which receive more shortwave radiation than 
green stands (Boon 2009). However, the albedo decrease is only observed during the red phase 
when needles are falling and by the time the tree has transitioned to grey phase and most needles 
have fallen, the albedo may actually be greater than in undisturbed pine forests (Winkler et al. 
2014). The contribution of wind removal to ablation rates is insignificant relative to the increase 
from enhanced solar radiative fluxes (Biederman et al. 2014).  
When comparing green and grey stands across different sites, changes in snow 
accumulation display inconsistencies in magnitude and may be overshadowed by the spatial 
variability in winter weather conditions or possibly increased spatial variability of snowpack 
accumulation under beetle-killed trees (Teti 2009). In addition, stand scale spatial variability is 
important as denser canopy cover may result in increased SWE with tree death, while the  
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Table 2.1: Studies regarding bark beetle infestations and changes in water quantity. 
Reference Study Site Tree Species ET Water Yield 
Soil 
Moisture 
Snow 
Depth 
Ablation 
Rate*** Comparison Methodology 
Hubbard et al 
2013 
Fraser, Colorado, 
USA 
Lodgepole Pine 
Pinus contorta 
Trans. 
!     
Field: 17 red, 10 green vs. 8 
girdled treatment trees 
Mikkelson et 
al 2013b 
Rocky 
Mountains,  
USA 
Lodgepole Pine 
Pinus contorta ! " runoff " " " 
Model: Coupled model of 
green, red, grey & dieback 
phases  
Biederman et 
al 2012 
Central Rocky 
Mountain, USA 
Lodgepole Pine 
Pinus contorta    N.S.C. " 
Field: 20 plots - grey, red and 
green phases 
Boon 2012 Fraser Lake 
BC, Canada 
Lodgepole pine 
Pinus contorta    
N.S.C, 
"   
Field: 3 plots - grey phase, 
green phase and clearcut  
Winkler et al 
2012 
Mayson Lake 
BC, Canada 
Lodgepole pine 
Pinus contorta    " 
N.S.C, 
" 
Field: 3 plots – lodgepole, 
mixed, and clearcut stands 
Clow et al 
2011 
Grand County 
Colorado, USA 
Lodgepole, Limber, Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa - - " - - 
Field: Red vs Green Trees 
Pugh & Small 
2011 
Colorado River 
Headwaters 
Colorado, USA 
Lodgepole Pine 
Pinus contorta - - - "  15% 
" 
1 Week 
Field: 8 pairs of grey and 
green trees (red accumulation 
~ green) 
Bewley et al 
2010 & (Alila 
et al 2009**) 
Baker Creek 
BC, Canada 
Lodgepole Pine 
Pinus contorta - - - 
"  
12-
19% 
" 
10-15% 
Model: Calibrated DHSVM 
of green, red, grey & 
rejuvenating stands 
Schnorbus et 
al 2010** 
Fraser River 
Basin 
BC, Canada 
Lodgepole Pine 
Pinus contorta - 
"  
peak 
flow 
- - - 
Model: Calibrated VIC of 
unimpacted, 20%, 100% 
impacted 
Boon 2009 Fraser Lake 
BC, Canada 
Lodgepole pine 
Pinus contorta - - - " " 14-17% 
Field: Alive vs Red/Grey 
Stands 
Model: Water Budget 
Weiler et al 
2009** 
Fraser River 
Basin  
BC, Canada 
Lodgepole pine 
Pinus contorta - 
"  
peak 
flow 
- - - 
Model: comparison of 0% 
and 100% impacts 
watersheds 
Teti 2008, 
2009** 
Interior Plateau 
BC, Canada 
Lodgepole pine 
Pinus contorta - - - " "! 
Field: 24 plots - five study 
areas of varying impacts 
Morehouse et 
al 2008 
Sierra Ancha 
Range AZ, USA 
Ponderosa pine  
Pinus ponderosa - - " - - 
Field:  Infested vs. uninfested 
plots 
!
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Table 2.1 (continued): Studies regarding bark beetle infestations and changes in water quantity. 
Reference Study Site Tree Species ET Water Yield 
Soil 
Moisture 
Snow 
Depth 
Ablation 
Rate*** Comparison Methodology 
Beudert et al 
2007 
Bavarian Forest 
NP 
Germany 
highland spruce  
Soldanello-Picetum 
barbilophoietosum 
61% 
! 
"  
15%* - - - 
Model: DSA (ref. v 80% 
impact) & water balance  
Field: isotopes analysis 
Boon 2007  Vanderhoof 
BC, Canada 
Lodgepole pine 
Pinus contorta - - - "  ! 
Field: 3 field plots of alive, 
red/grey & cleared trees 
Stednick & 
Jensen 2007 
8 Watersheds 
CO, WY USA 
Lodgepole Pine 
Pinus contorta - "! - - - 
Field: Infested vs. 
uninfested watersheds 
Zimmermann 
et al 2000 
Bavarian Forest 
NP Germany 
highland spruce 
Soldanello-Picetum 
barbilophoietosum ! 
"  
~30%
* 
- - - 
Field: Historical Runoff 
Data  
Model: Runoff coefficient 
& ET 
Knight et al 
1991 
Medicine Bow 
Range, WY USA 
Lodgepole pine 
Pinus contorta - " 92% - - - 
Model: Girdled stands 
(listed yield represents 
stand level outflow) 
Potts 1984 Jack Creek  
MT, USA 
Lodgepole pine 
Pinus contorta - 
" 
15% - - 
" 
2-3 week 
Field: 4 year prior vs. 5 
year post; single watershed 
Bethlahmy 
1974, 1975 
Yampa & White 
Rivers CO, USA 
Engelmann Spruce 
Picea engelmannii - 
"  
10% - - "! 
Field: Paired watershed  
of Elk & Plateau Rivers  
Love 1955 White River 
CO, USA 
Engelmann Spruce 
Picea engelmannii - " - - - 
Field: Paired watershed w/ 
uninfested Elk River 
Percent increase or decrease from the reference temporal or spatial variable is provided, when available, for each parameter.  It should be noted that the method 
and timing of determination will influence the percent provided. 
*This result is the reported change in runoff coefficient.  Beudert et al (2007) also performed a double sum analyses (DSA) which resulted in greater increases for 
individual components of runoff (direct runoff increased by 62%, slow groundwater runoff by 25% and fast groundwater runoff by 32%).  
**Indicates a study published as a report or other source that is not peer reviewed. 
***Ablation rates report in weeks represent shifts in the peak snowmelt timing, with increasing arrows indicating earlier peak melt. 
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opposite trend is observed in areas with sparser coverage (Biederman et al. 2014); however 
beetles may more successfully kill trees that are naturally in areas of lower density (i.e. not 
managed or thinned stands) as a result of having potentially thicker phloem layers (Kaiser et al. 
2013). 
Temporal variability, specifically inter-annual differences in meteorological conditions 
and phase of tree death, also affects the response of snow accumulation to tree death (Pugh and 
Small 2012; Boon 2012; Winkler et al. 2014). Studies on the effects of widespread MPB-induced 
tree mortality on snow accumulation in British Columbia reveal greater differences in 
accumulation in years of low SWE, which the authors attribute to decreased interception 
(Winkler et al. 2014). This difference in interception also changes as tree death progresses. In 
contrast to the increase in snow accumulation observed in grey stands in Colorado, red phase 
trees exhibited no significant change in accumulation compared to green trees as most needles 
still remain on the trees and canopy transmittance from red phase trees was similar to green 
phase trees (Pugh and Small 2012). 
Other mechanistic modeling studies have also been applied to understand field 
observations (Bewley et al. 2010; Mikkelson et al. 2013c). Model simulations are useful to 
differentiate between bark beetle impacts and inherent annual and spatial variability in snow 
deposition and melt. Bewley et al. (2010) found that discrepancies between field and modeled 
snow observations could be attributed to the model sensitivity in averaged leaf-area index values, 
which were inversely related to net solar radiation and directly related to net long-wave 
radiation. Net radiation was found to be the dominant source of snowmelt energy in modeled red, 
grey and green stands; whereas in clear-cut and regenerating stands there were larger 
contributions from changes in sensible heat flux attributed to increased wind speed. It is 
reasonable that this latter mechanism may also be a more dominant factor in beetle-infested 
forests after tree fall, although fallen trees still reduce wind velocity at the ground level. In 
addition, Pugh and Gordon (2013) found grey lodgepole pine stands transmitted 11 to 13% more 
sunlight to the forest floor than green stands. Red phase trees exhibited moderate (4-5%) 
increases, which may not result in measurable increases in snow accumulation or melt, as 
observed in an earlier study (Pugh and Small 2012). Mikkelson et al. (2013c) found that 
increased radiation, and thus increased snowmelt and sublimation, can offset the increases in 
snow accumulation due to decreased canopy interception until the air and ground temperatures 
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are below freezing and the enhanced melting trend gives way to the permanent winter snowpack. 
As a result, changes in the land energy budget may account for early differences in snow water 
equivalent across sites. 
A larger body of literature investigates the interrelationship between vegetation and snow 
processes, independent of insect infestation (Gelfan et al. 2004; Woods et al. 2006; Jost et al. 
2007; Musselman et al. 2008; Molotch et al. 2009). These studies report 15 to 47% greater snow 
accumulation and 23-54% faster ablation rates in open as compared to forested areas. Changes in 
snow accumulation and melt are predominantly attributed to differences in forest cover, 
elevation, and aspect. Precipitation variability also exerts an influence; the increase in 
accumulation in open spaces was 12% greater in a mild winter than in a winter with above 
average snowfall (Jost et al. 2007). While percent forest cover accounts for a significant portion 
of the variability in snow accumulation, the spatial structure of canopy removal will also result in 
different degrees of change in snow accumulation. When canopy cover was removed in 0.2-0.8 
ha groups, no change in snow accumulation was observed, likely due to increased ablation from 
solar radiation and wind. Conversely, when the same percent of canopy was removed, but evenly 
distributed over the domain, snow accumulation significantly increased (Woods et al. 2006). In 
forests impacted by the mountain pine beetle, tree death is characterized by more distributed 
canopy removal than clustered clear-cutting, particularly in the earlier stages of infestation when 
tree death is less uniform. The findings of Woods et al. (2006) suggest that earlier and dispersed 
MPB-induced tree death will result in significant increases in snow accumulation. In contrast, 
more widespread tree death, potentially related to later stages of infestation or large wind-thrown 
areas, may not result in significant increases. Overall, hydrologic impacts are difficult to 
generalize; the stage of die-off, as well as spatial and climatic variability, must be taken into 
account when predicting future snow accumulation scenarios within bark beetle infested 
watersheds.  
Changes in snow accumulation, ablation, and possible alterations to snowmelt timing and 
water availability may also have implications for biogeochemical cycling in snow dominated 
high-altitude watersheds. For example, snowmelt timing and growing seasons influence 
ecosystem nitrogen exports. Increased nitrogen deposition over the last several decades suggests 
nitrogen saturation in the high elevation alpine regions of the Rocky Mountain Front Range (eg. 
Baron et al. 1994), resulting in increased N export from these ecosystems. Much of the increase 
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in streamwater nitrogen concentrations is observed during snowmelt and is temporally 
disconnected from the peak-growing season of the subalpine forests, where nitrogen is still 
limiting. Earlier snow melt caused by MPB-induced changes in snow dynamics may further 
disconnect this high nitrogen flux from nitrogen limited vegetation. In addition, active microbial 
biomass formation limits nitrate exports from alpine watersheds during snowmelt for 
consistently snow-covered sites; however, inconsistent snowpack does not result in the same 
protection for biomass formation. The limited buffering capacity in inconsistent or shallow 
snowpack may result in greater inorganic nitrogen exports during snowmelt (Brooks et al. 1998). 
As a result, spatial and temporal changes in snowpack resulting from widespread land cover 
change may significantly alter the biogeochemical cycle of nitrogen.   
2.2.2 Soil Moisture and Evapotranspiration 
Soil moisture and evapotranspiration (ET) are two interlinked processes that appear to be 
altered following bark beetle outbreaks. After snowmelt, models universally found decreases in 
ET following insect induced tree-mortality, as transpiration ceases soon after initial outbreak 
(Zimmermann et al. 2000; Beudert et al. 2007; Hubbard et al. 2013; Mikkelson et al. 2013c). 
However, after tree death, increased radiation exposure and moisture in the upper soil horizons 
can increase ground evaporation, and prolonged soil moisture during the growing season may 
increase transpiration as vegetation recovers. Restoration of transpiration in regenerating forests 
is a function of 1) the regrowth of the canopy cover, represented in many models as the leaf area 
index and 2) the development of roots able to reach deeper soil horizons, particularly in dry 
environments. Therefore, the ability of regrowth to mitigate the reduced transpiration from pine 
mortality is directly related to the rooting depth and depth to soil saturation; it is less likely to 
offset transpiration losses on steep slopes, with deeper, less accessible, shallow groundwater and 
lower density plant growth (Mikkelson et al. 2013c). Evaporative moisture loss, as reflected by 
latent heat, is also a function of wind speed which has been linked to observations of increased 
evaporation in clear-cut harvested areas; this increased flux partially offsets soil moisture 
increases from reduced transpiration (Woods et al. 2006). Increased wind speed may also be 
expected in MPB forests in the dieback phases, although fallen trees may reduce the effect and 
result in smaller increases in evaporation than observed in clearcut areas.  
 As a result of net interception and transpiration decreases, soil moisture increases are 
observed in bark beetle infested watersheds in field studies and are theoretically expected based 
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on modeling studies. While Morehouse et al. (2008) observed greater soil moisture from spring 
through fall in infested plots, only the summer increases were statistically significant (p≤0.05). 
Clow et al. (2011) found significantly higher soil moisture (p≤0.1) under red and grey phase 
trees when compared with green trees in an October field investigation. Integrated hydrologic 
and land-cover modeling results from Mikkelson et al. (2013c) point to three interrelated controls 
on soil moisture: watershed slope, plant cover, and degree of soil moisture stress. They found 
that the effect of beetle infestation on soil moisture was more pronounced during periods of 
moisture stress when green phase trees continue to transpire, but the drier soil surface layer limits 
ground evaporation. Soil moisture effects are less distinct on steeper slopes because soils receive 
less moisture due to increased runoff, and are generally better drained. Similar to the previous 
hydrologic variables, spatial and temporal heterogeneity in infestation or land and soil 
characteristics must be considered when evaluating the impacts to soil moisture and ET, 
particularly at the watershed scale. For example, the loss of transpiration in an attacked tree is 
rapid and likely results in an increase in soil moisture observed over the first growing season 
after attack and reaching a maximum during the second growing season (Hubbard et al. 2013). 
As the infestation progresses in time and space, however, trees are not uniformly killed resulting 
in a range of transpiration and soil moisture changes at the watershed scale that will mute the 
expected increase in water yield. While the spatial distribution of attacked trees will affect the 
surrounding soil moisture, landscape characteristics and soil moisture also influences what trees 
are more susceptible to attack (Kaiser et al. 2013). For some landscape characteristics, the 
feedbacks between soil moisture and tree susceptibility are compounding. In general, trees under 
water stress are more prone to MPB attack (Kaiser et al. 2013) and the resulting effect on soil 
moisture is more pronounced (Mikkelson et al. 2013c). In contrast, trees on steep slopes are also 
more susceptible to attack; however the effects of the attack are less distinct, as runoff is more 
prominent. Increase in soil moisture, as well as nutrient availability, will also facilitate 
compensatory growth from remaining and new vegetation (Hubbard et al. 2013). This increased 
water and nutrient uptake further complicates the expected watershed scale response.  
Increases in soil moisture and radiation are often linked with increased rates of soil 
organic matter decomposition in forest soils (eg. Wickland and Neff 2008). Carbon inputs from 
decomposition are important for the microbial assimilation of nitrogen. In clear-cut forests, 
research suggests that carbon limitations on assimilation, rather than faster litter decomposition, 
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is responsible for increased nitrogen availability (Prescott 2002), further adding to nitrogen 
increases from decreased plant uptake. In unmanaged MPB-impacted forests, carbon limitations 
are less significant, and increased decomposition rates may therefore be an important factor 
causing increased nitrogen fluxes, in addition to increased organic matter degradation.    
2.2.3 Water Yield and Peak Flows 
Bark beetle induced tree mortality has the potential to impact watershed-scale runoff 
properties due to changes in snow accumulation and melt, evapotranspiration and interception. 
The severity of the impact on streamflow response is related to the factors above, as well as to 
the magnitude, type and intensity of precipitation. Stednick and Jensen (2007) propose that 
watersheds receiving less than 20 inches of precipitation annually are not able to overcome 
increases in evaporation and will not see a streamflow response to dieback. In watersheds 
dominated by rain, not snow, peak flow increases should only occur when decreases in 
interception and transpiration are not mitigated by increases in evaporation from increased 
exposure. As a result, increased throughfall is a significant factor for small-storm events wherein 
interception is a larger component of the water balance. Thus, in rain-dominated watersheds, 
peak flow observations may not reflect observed changes in annual water yield (Alila et al. 
2009). In snowmelt-dominated watersheds, however, models used to upscale observed changes 
in snow accumulation and melt rates produced increased peak flow associated with larger storm 
events (Alila et al. 2009).  
Other watershed properties, such as size, also influence changes in peak flow rates. At the 
stand-scale, model results show that soil water outflow may increase by 92% over control plots 
(Knight et al. 1991). Understanding runoff generation at the watershed scale is more challenging. 
Weiler et al. (2009) modeled watersheds in the Fraser Basin (British Columbia) at different 
scales assuming death of all pine trees and found that moderate increases in peak flow were more 
likely in larger, aggregate watersheds, while smaller order watersheds could experience either 
small (<23%) or large (>88%) increases in peak flows. The results suggest that simulating a 
variety of watershed properties at larger scales will result in muted responses in peak flow or 
desynchronized flows. Specifically, peak flows from larger watersheds combine flows from 
multiple sub-catchments, each with different aspects, forested extents, impacted areas, and 
degree of regeneration.  
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Evaporation rates and the percent of pine-covered forest have been shown to influence 
the change in peak flow rates in bark beetle infested watersheds. During a 1940s bark beetle 
outbreak further described below, Bethlahmy (1975) observed that streamflow increased more in 
low radiative energy watersheds, such as the north-facing Yampa River (Colorado, USA), than in 
high radiative energy watersheds, where net radiation and evaporative losses were greater. As 
expected, bark beetle infestation has a greater influence on peak flows in watersheds that receive 
most of their runoff from pine-dominated areas (Stednick and Jensen 2007; Weiler et al. 2009; 
Schnorbus et al. 2011) and are thus more sensitive to MPB infestation. Within the pine-
dominated area, considerable forest regeneration and understory vegetation may prevent 
observable increases in water yield (Stednick 1996), likely due to transpiration that is restored in 
regrowth or facilitated by increased water availability in understory vegetation. It is also possible 
that a minimum percentage of the watershed must be infested before water yield is detectably 
altered. Zimmermann, et al. (2000) propose a threshold of 25% deforestation prior to observing a 
runoff response. Stednick (1996) proposed a comparable minimum canopy reduction of 20%. If 
the MPB-affected area does not exceed the minimum threshold it is likely that the remaining 
vegetation is capable of transpiring enough of the excess soil moisture that increased flow are not 
detectable. In addition, if the threshold is not met in a snow-dominated watershed and the canopy 
is essentially thinned but interception is still occurring, SWE may actually decrease due to 
increased ablation and increases in peak flow are therefore improbable. Although peak flow 
responses may only occur if a minimum area is deforested, the streamflow response may not be 
immediate upon reaching that threshold. Streamflow observations from a bark beetle outbreak in 
the 1940s in the Rocky Mountains (Bethlahmy 1974; 1975) demonstrated a delay in watershed 
response with little change in annual water yield in the first five years as the infestation escalated 
to epidemic levels. Interestingly, the maximum increase in water yield was observed 15 years 
later, and increases were still detected 25 years after the peak of the infestation (Bethlahmy 
1974). The prolonged response in water yield is indicative of multiple flow paths and a range of 
residence times causing a continued signal for years following outbreak.  
Watershed peak flow response may also be indicative of changes in flow path 
partitioning. We are aware of one study that has looked specifically at changes in flow paths 
from bark beetle infestation using historical data, isotope tracers, and simplified hydrologic 
models. Significant differences from isotopic partitioning into direct and indirect runoff during 
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flood events were not found between paired catchments of different degrees of infestation 
(Beudert et al. 2007). However, double mass analysis, comparing precipitation with components 
of the hydrologic cycle in infested and non-infested watersheds, highlighted increases in surface 
runoff and fast and slow groundwater runoff. This analysis suggests important changes in flow 
path partitioning in each watershed as infestation progressed.  
The mechanisms responsible for competing watershed responses that influence peak flow 
rates are still unclear. Additional studies on the long-term alterations in water partitioning of 
infested watersheds are therefore needed to fully understand the water-quantity and hydrologic 
cycle impacts associated with beetle outbreak. Furthermore, perturbations in flow paths and 
timing in infested watersheds may impact nutrient transport and related biogeochemical 
processes with impacts on nutrient availability for reforestation and downstream water quality. 
For example, Beudert et al. (2007) and Zimmermann et al. (2000) both observed higher nitrate 
concentrations in waters sourced from deeper soil water than from shallow soil water, suggesting 
hydrologic shifts toward this water fraction may result in higher nutrient fluxes.  
2.3 Water quality and nutrient cycling 
 As suggested above, soil-vegetation disturbances from insect-induced tree-mortality may 
influence nutrient cycling and ultimately water quality by perturbing existing biogeochemical 
cycles. Specifically, hydrologic changes within the infested watershed may cause increased 
particulate transport, increased organic carbon fluxes from enhanced organic matter 
decomposition, and alterations in nitrogen cycling, which can potentially cause changes in soil 
pH and increased mobilization of metals with toxicological implications (Figure 2.1). The 
available literature on biogeochemical outcomes and water quality perturbations resulting from a 
bark beetle outbreak (Table 2.2) is sparser than literature on water quantity; nonetheless, 
synthesis and interpretation of emerging literature suggests potential impacts. Biogeochemical 
changes in these systems are not yet well understood mechanistically or observationally, and 
evidence exists for intertwined and competing processes. In the sections below, we discuss 
potential implications of the beetle infestation on biogeochemistry and water quality with a focus 
on nutrients and metals.  
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2.3.1 Nitrogen 
High tree mortality rates due to a bark beetle infestation can alter nitrogen cycling. As 
trees die, uptake of nitrogen (N) ceases, which can lead to excess nitrogen pools in underlying 
soils until vegetation regrowth compensates. Increased litter from tree mortality (Griffin et al. 
2011) can also lead to increased inorganic nitrogen pools (Cullings et al. 2003). Transformation 
processes such as nitrification/denitrification and mineralization could be enhanced due to an 
abrupt increase in carbon sources, increased soil moisture, and increased microbial activity from 
higher energy fluxes to the ground; however, confounding factors such as catchment nitrogen 
deposition, surviving vegetation and climate can lead to differing responses post beetle 
infestation.  
Typically, it has been found that nitrogen saturated watersheds in Europe and Southeast 
Asia exhibited a much larger nitrate response (in both soil and surface waters) than more 
nitrogen-limited watersheds such as the arid Rocky Mountain West in North America after a 
bark beetle attack. Three studies (Zimmermann et al. 2000; Huber et al. 2004; Huber 2005) 
looked at tree-scale nitrogen cycling post beetle infestation in a German spruce forest and saw a 
large soil nitrate response. Increases in nitrate concentrations were found in soil water at 50-
100cm depths for four years after initial die-off with maximum concentrations observed in years 
one and two after initial die-off (Zimmermann et al. 2000). However, shallower soil layers 
showed only slight increases in NO3 concentrations following die-off, possibly due to increased 
denitrification in the upper soil layers where there is typically a higher organic content in the soil 
and increased soil moisture. In contrast, Huber et al. (2004) saw a more delayed nitrate response 
in seepage water samples that occurred approximately 4 years after die-off (which corresponds 
roughly with the grey phase). Seepage water NO3 concentrations were elevated for 7 years after 
outbreak and showed a clear seasonal trend with highest concentrations in autumn at the end of 
the vegetation growing period and lowest values after spring runoff. Surviving vegetation and 
vegetation regrowth are common themes when determining the biogeochemical response; they 
can be compensatory mechanisms that explain why a large nitrate response is not often seen post 
beetle infestation but is more frequently seen after large disturbances such as timber harvesting 
without streamside buffers, wind-thrown forests or wildfire (Griffin et al. 2013; Rhoades et al. 
2013).    
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Table 2.2: Studies regarding bark beetle infestations and changes in water quality. 
Reference Study Site Tree Species Nutrient studied 
Increase or 
Decrease 
Age of Infested Stand 
or Tree 
Sampled Medium 
 
Mikkelson et 
al. 2013a 
Rocky Mountains 
USA 
Lodgepole Pine 
Pinus contorta DOC ! 
Varying ages Streamwater 
Kana et al. 
2012 
Bohemian Forest NP, 
Czech Republic 
Norway Spruce 
Picea Abies DOC ! 
2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 
Clow et al. 
2011 
Grand County Colorado, 
USA 
Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 
DOC N.S.C. 
Varying ages Streamwater 
Xiong et al. 
2011 
Niwot Ridge, Colorado Lodgepole and Limber Pine 
Pinus contorta, Pinus flexilis DOC 
 
" 
2-5 years Top 5cm of 
mineral soil 
Huber et al. 
2004 
Bavarian Forest NP 
Germany 
highland spruce  
Soldanello-Picetum 
barbilophoietosum 
DOC ! 
1-2 years and 1-4 
years 
Throughfall and 
humus efflux 
Kana et al. 
2012 
Bohemian Forest NP, 
Czech Republic 
Norway Spruce 
Picea Abies Soluble 
reactive P ! 
2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 
Clow et al. 
2011 
Grand County Colorado, 
USA 
Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 
Total P, PO4 !!," !
Varying ages Streamwater 
 
 
Rhoades et 
al. 2013 
Colorado Rocky 
Mountains 
Lodgepole Pine 
Pinus contorta NO3 N.S.C.  
Varying ages Streamwater 
Griffin et al. 
2012 
Yellowstone, WY, USA Douglas-fir  
Pseudotsuga menziesii NH4, NO3  !!,!  
4-5 years Top 15cm of soil 
Griffin et al. 
2012 
Yellowstone, WY, USA Douglas-fir  
Pseudotsuga menziesii N ! 
4-5 years Gray stage needle 
litter 
Kana et al. 
2012 
Bohemian Forest NP, 
Czech Republic 
Norway Spruce 
Picea Abies 
NH4, 
organic 
bound-N 
 !!,!  
2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 
Clow et al. 
2011 
Grand County Colorado, 
USA 
Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 
Total N, 
NO3 
!!,N.S.C.  
Varying ages Streamwater 
Clow et al. 
2011 
Grand County Colorado, 
USA 
Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 
NH4, NO3  !!,!  
1-3 years and 
>3years 
15 cm soil 
Griffin et al. 
2011 
Yellowstone, WY, USA Lodgepole Pine 
Pinus contorta N  ! ,! 
1-4 years, 30 years Fresh needle litter  
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Table 2.2: Studies regarding bark beetle infestations and changes in water quality. 
Reference Study Site Tree Species Nutrient studied 
Increase or 
Decrease 
Age of Infested Stand 
or Tree 
Sampled Medium 
 
Griffin et al. 
2011 
Yellowstone, WY, USA Lodgepole Pine 
Pinus contorta NH4, NO3 ! , N.S.C. 
1-4 years 15 cm soil  
Morehouse et 
al. 2008 
Sierra Ancha 
Experimental Forest, AZ 
Ponderosa Pine 
Pinus ponderosa N, NH4 (lab) ! ,!  
1-3 years Needles and 
mineral soil 
Huber 2005 
 
Bavarian Forest NP 
Germany 
highland spruce  
Soldanello-Picetum 
barbilophoietosum 
NO3 ! 
1-5 years Seepage water 
Huber et al. 
2004 
Bavarian Forest NP 
Germany 
highland spruce  
Soldanello-Picetum 
barbilophoietosum 
NH4, NO3 ! ,! 
1-7 years Humus efflux and 
mineral soil 
Tokuchi et al. 
2004 
Kiryu experimental 
basin, Japan 
Japanese Red Pine 
Pinus densiflora NO3 ! ,! 
Varying ages Stream water. 
groundwater 
Tokuchi et al. 
2004 
Kiryu experimental 
basin, Japan 
Japanese Red Pine 
Pinus densiflora NH4, NO3 ! ,! 
Varying ages Mineral soil 
Zimmerman 
et al. 2000 
Bavarian Forest NP 
Germany 
highland spruce 
Soldanello-Picetum 
barbilophoietosum 
NO3  !,!,! 
1-4 years Deep soil water, 
groundwater and 
stream water 
Knight et al. 
1991 
Medicine Bow 
Mountains, WY, USA 
Lodgepole Pine 
Pinus contorta 
Total N, 
NH4, NO3 
N.S.C. Simulated bark beetle attack 
Soil water 
*N.S.C. = No significant change. The “Increase or Decrease” column is post bark beetle infestation. “Age of infested stand or tree” is the number of years since 
the tree has been attacked by bark beetles. (lab) implies increased nutrient concentration due to laboratory incubation.
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 Along with compensatory nitrogen uptake by surviving vegetation, the differences in 
atmospheric N deposition and tree mortality spread over multiple years may be factors 
contributing to varied surface and groundwater nitrate-nitrogen responses post beetle infestation 
(Rhoades et al. 2013). Tokuchi et al. (2004) investigated a Japanese catchment that had recently 
experienced pine wilt disease and was the only study besides Zimmerman et al.  (2000) to find 
increased NO3 concentrations in stream water. Both studies saw increased groundwater nitrate 
concentrations as well; however, in the German forest groundwater nitrate concentrations (5-10m 
depth) lagged 2 years behind streamwater nitrate concentrations, while in the Japanese forest 
increases in groundwater nitrate concentrations preceded increases in streamwater nitrate 
concentrations by 2 years. These findings suggest that groundwater may play a large role in the 
long-term transport of NO3, however temporal trends are variable within catchments.  
Unlike the Japanese (Tokuchi et al. 2004) and German studies (Zimmermann et al. 2000), 
two studies in Colorado (Clow et al. 2011; Rhoades et al. 2013) did not find increased NO3 
concentrations in stream water in response to the MPB infestation even though one study (Clow 
et al. 2011) observed larger NO3 concentrations in soil (15cm depth) under red and grey phase 
trees which would suggest the potential for elevated groundwater and stream water 
concentrations as the infestation progresses through the dieback phases. Clow et al. (2011) did 
find that the fourteen streams sampled during the 2007 runoff season in Grand County, CO, 
exhibited NO3 concentrations that were strongly correlated with the snowmelt hydrograph, 
typical of mountainous watersheds. While they did not detect increases in NO3 at the three study 
sites analyzed for temporal trends, total streamwater N did increase over the study period (2001-
2009), which encompassed the year when most trees were initially infected and was attributed to 
excess litter breakdown or warming temperatures. They also found that percent forest cover 
(which included both dead and alive trees) in the basin was the strongest predictor of stream 
water NO3. Denitrification in groundwater is also feasible, and could mitigate increases in 
nitrogen transport in stream baseflow. 
Tree-scale soil-water ammonium concentrations exhibit a more pronounced, universal 
increasing trend after bark beetle infestation regardless of other compensatory factors present 
with nitrate response. This implies that reduced vegetation uptake of NH4 and increased 
inorganic N pools due to leaf litter are the primary release mechanisms associated with beetle-
impacted catchments. Griffin et al. (2011; 2012; 2013), Morehouse et al. (2008), Xiong et al. 
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(2011) and Kaňa et al. (2013) all investigated soil nitrogen pools after insect outbreak. The 
studies by Griffin et al. (2011; 2012; 2013), Xiong et al. (2011), and Morehouse et al. (2008) 
were all in the United States (in Yellowstone National Park, the Colorado Front Range and 
Arizona, respectively), while the study by Kaňa et al. (2013) was located in the Czech Republic. 
Four of these studies (Morehouse et al. 2008; Griffin et al. 2011; Griffin and Turner 2012; Kaňa 
et al. 2013) found elevated N concentrations in needle litter, likely due to lack of N 
retranslocation associated with tree mortality. Unlike Huber (2005), only soil NH4, not NO3, was 
shown to significantly increase during the outbreak (Morehouse et al. 2008; Griffin et al. 2011; 
Xiong et al. 2011; Kaňa et al. 2013; Griffin et al. 2013) despite observed increases in net 
mineralization and net nitrification (Griffin et al. 2011). Morehouse et al. (2008) also found 
higher soil NH4 and higher laboratory net nitrification rates from infected stand soils. Thirty 
years post outbreak, N concentrations in needle litter still remained elevated; however, soil N 
fluxes and pools (NO3 and NH4) were not significantly different than in undisturbed stands 
(Griffin et al. 2011). 
As results from beetle infested forests in Europe and beetle infested forests in western 
North America appear different, it is probable that because coniferous forests of western North 
America receive much less atmospheric N deposition than forests in Europe and eastern North 
America they have a smaller NO3 response following disturbance. Additionally, the climate in 
western North America is more arid than in Germany and Japan, where streamwater N 
concentrations were elevated in infested forests.  It has been shown that locations with greater 
annual precipitation are more sensitive to harvesting practices and exhibit a larger hydrologic 
response and thus, possibly a larger nutrient response (Stednick 1996). This difference between 
watersheds in humid and arid regions is consistent with the finding that stream water N 
differences between developed and undeveloped watersheds were smaller in arid regions (Clark 
et al. 2000; Adams et al. 2012). 
 The magnitude of observed changes in nitrogen cycling associated with bark beetle 
outbreaks varies among literature studies. Bark beetle outbreaks will likely cause increased NH4 
in the soil beneath dead trees due to increased mineralization of elevated organic nitrogen inputs 
from leaf litter, and reduced NH4 uptake by trees. Nitrate has also been found to increase in soil 
beneath bark beetle killed trees; however, it appears more likely under trees located in forests 
that receive higher atmospheric nitrogen deposition and in deeper soil horizons. Whether or not 
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increased NO3 or NH4 concentrations reach the stream water remains uncertain. Depending on 
the hydrologic flow-paths of the catchment, surviving understory vegetation and vegetation 
regrowth, atmospheric N inputs, N pools and sinks, and potential denitrification in underlying 
deeper soils and aquifers, it is possible that bark beetle outbreaks will not affect N concentrations 
in surface waters, although the mechanisms controlling timing of N transport (i.e. hydrologic 
flow paths) need further elucidation.  
2.3.2 Phosphorus 
 Phosphorus (P) flux, either in the form of dissolved phosphate or particulate P, has the 
potential to be altered after a bark beetle attack because phosphate is readily released from 
decaying organic matter. Many studies have researched phosphorus changes after forest clear-
cutting (eg.Piirainen et al. 2004; Pike et al. 2010) and found increased inorganic phosphorus 
loading in soils beneath cut forests. The only published study to investigate phosphorus loading 
in soils after bark beetle attack (Kaňa et al. 2013) found only slight increases in total P 
concentrations despite large increases in the P input via litterfall in a Czech Republic spruce 
forest. However, the soluble reactive fraction of the total P increased by over 5 times the original 
concentration which has implications for enhanced P transport to nearby lakes and streams. 
Complementing these findings in soils, two Colorado studies investigated stream water P 
concentrations post beetle attack. Clow et al. (2011)found that while total P in stream water 
increased in conjunction with beetle attack, the dissolved phosphate fraction decreased. The 
drought conditions during the early record period may explain the decrease in dissolved 
phosphate observed by Clow et al. (2011). Stednick et al. (2010) found that both dissolved and 
particulate phosphorus increased in beetle-killed areas. Increases in particulate P could be 
indicative of 1) the conversion of dissolved nutrients to particulate form by benthic algae due to 
warming temperatures and increased productivity or 2) an increase in particulate fluxes to 
surface waters due to increased erosion. It would be insightful to determine if major water 
quality concerns arise from increases in particulate P loading following outbreaks due to 
enhanced erosion and litter decomposition or increased sub-surface transport of dissolved P from 
changing hydrologic pathways or the altered composition. Distinguishing this trend may be 
challenging as many mountain watersheds have experienced significant population growth 
during the MPB infestations and increased development may also result in higher dissolved and 
particulate phosphorus loading to streams (Geza et al. 2010).  
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2.3.3 Dissolved Organic Carbon 
Dissolved organic carbon (DOC) is ubiquitous in surface and groundwaters and 
originates from both allochthonous and autochthonous sources. Typically, spring runoff in 
mountainous watersheds flushes accumulated dissolved organic matter into surface waters 
(Boyer et al. 1997). In general, soil-DOC originates from litter leachates, root exudates and 
microbial degradation (Zsolnay 1996). Bark beetle infestations have the potential to influence 
DOC concentrations as decreases in canopy cover can increase runoff rates, and excess needle 
loss onto the forest floor, compounded by increased soil moisture and warmer soil temperatures, 
leads to increased decomposition and soil organic matter leaching. However, the increase in 
DOC to the soil matrix may be delayed due to the termination of rhizodeposition and 
mycorrhizal turnover in dead trees (i.e. chemical cycling associated with roots and related fungi), 
which are major contributors to DOC in soil water (Högberg and Högberg 2002; Godbold et al. 
2006).  
Studies of DOC in soils associated with infected trees suggest competing processes 
between litter decay and root exudates. Xiong et al. (2011) analyzed soil DOC in the top 5 cm of 
mineral soil below the organic horizon of living and attacked trees that had not yet dropped their 
needles. They observed lower DOC below dead trees than live trees, which is consistent with the 
termination of rhizodeposition and mycorrhizal turnover. However, long-term analysis of soil 
DOC was not reported at this site to determine if DOC concentrations eventually rebound as 
litter decay increases. In a complimentary study, Kaňa et al. (2013) found increased soil DOC 
concentrations in both the litter layer and the organic-rich mineral horizon 3 years after beetle 
attack. They hypothesized that increased mineralization due to the increased litter input to the 
forest floor resulted in an increase in DOC concentrations. It appears that increasing DOC 
concentrations, at least in the soil, lag behind the initial beetle attack by several years due to: (1) 
the immediate cessation of root processes (2) the time delay until the needles drop to the forest 
floor and continue the decomposition process. 
Huber et al. (2004) compared DOC fluxes in beetle-killed stands versus healthy stands; 
however, their studies were limited to throughfall and the humus layer and did not extend into 
the soil mineral horizons. These authors found that DOC concentrations in throughfall were 
highest in recently killed stands (1-2 years after attack); however, their comparison was limited 
to adjacent stands of varying ages since attack, rather than temporally sampling a particular stand 
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through the die-off phases. Higher DOC concentrations were also found in the humus efflux of 
recently attacked stands (1-4 years after attack) relative to healthy stands, with concentrations 
ranging from 25 mg/L to 225 mg/L. 
Similar to observations for nitrate, Colorado increases in stream water DOC in response 
to the bark beetle outbreak were not seen in the study by Clow et al. (2011); however, typical 
seasonal fluctuations were observed. Classic watershed characteristics such as percent forest 
cover, precipitation and basin area were more highly correlated to DOC concentrations than 
percent of forest killed by bark beetles. On the other hand, in a complementary study, Mikkelson 
et al. (2013b) found approximately four times the amount of total organic carbon (TOC) entering 
Colorado water treatment facilities that receive their source water from MPB-infested watersheds 
as compared to control watersheds. However, although the TOC concentrations were shown to 
increase in conjunction with the level of bark beetle infestation at impacted facilities, this 
increase was not statistically significant. In light of the varied findings on surface water DOC 
concentrations we need a better understanding of near-surface and subsurface reactive transport 
mechanisms for DOC, along with the dominant hydrologic flow paths. 
The ultimate impact of beetle outbreaks on DOC concentrations in adjacent waters is still 
unclear. However, if DOC concentrations increase or change in chemical composition (i.e. 
increased aromaticity), a water-treatment concern is the increased potential for the formation of 
disinfection byproducts (DBPs), which are regulated in drinking water and considered harmful to 
human health. DBPs are formed when DOC reacts with chlorine during water treatment. Humic-
like substances typically found in dissolved organic matter have been found to be common DBP 
precursors (i.e. likely to form toxic DBPs after chlorination) (Nikolaou and Lekkas 2001) and 
therefore, even without increases in DOC there may be increases in DBP concentration as the 
DOC composition becomes more humic in nature. Beggs and Summers (2011) characterized 
litter DOC from varying stages of attacked lodgepole pine trees and quantified DOC reactivity 
with chlorine. They found that fresh litter leachates from beetle-killed trees exhibited 
concentrations within typical coniferous litter ranges and had low proportions of aromatic humic 
dissolved organic material (DOM) relative to the polyphenolics/protein-like contribution. 
However, after two months of biodegradation the litter leachate lost 80% of its DOC while 
experiencing an 85% increase in SUVA (specific ultraviolet absorption; indicative of the 
aromaticity of the material); all samples also increased their specific humic peak intensities. The 
 26 
findings of this study suggest that as the needles drop to the forest floor following attack, and the 
more time they are exposed to weathering and biodegradation, the higher the DBP formation 
potential. 
These mechanistic findings where pine litter leachate becomes more aromatic and humic 
as it degrades were supported observationally in a variety of catchments by Mikkelson et al. 
(2013b). Water treatment facilities receiving their source waters from MPB-impacted catchments 
had significantly higher levels of DBPs, such as trihalomethanes (THMs) and haloacetic acids 
(HAAs) after their TOC-rich waters reacted with chlorine. From 2004-2011, THM 
concentrations in impacted water treatment facilities exhibited a significant increasing trend that 
was correlated with time since bark beetle outbreak. Additionally, THM concentrations peaked 
in the late summer and early fall, despite TOC concentrations peaking during spring runoff. This 
seasonal decoupling of THMs and TOC along with a more pronounced temporal increase in 
THM formation than TOC concentration suggests that a higher aromatic and humic fraction, and 
hence alterations in TOC structure, are occurring as a result of infestation.  
In summary, litter decomposition under beetle-attacked trees can increase DOC 
concentration and aromaticity in surface and soil leachates. However, increases may be delayed 
or sequestered in deeper soil layers due to the termination of root exudates, carbon-dependent 
microbial processes and abiotic sorption. It is not yet clear whether surface water DOC will 
universally increase due to bark beetle infestations or whether the characteristics of DOC will be 
altered. Clow et al. (2011) did not observe increases in DOC, which could be due to delayed 
release of DOC, or the catchment could have other characteristics mitigating the release. 
Conversely, the study by Mikkelson et al. (2013b) saw a small increase in TOC concentrations 
after bark beetle infestation and more compelling evidence for changes in its refractory nature. 
One potential explanation is that Mikkelson et al. (2013b) considered multiple watersheds and 
included both surface and groundwaters, while Clow et al. (2011) only sampled surface waters in 
one watershed. It is possible that groundwater transport is important for understanding the link 
between bark beetle outbreaks and DOC transport. Interesting opportunities for future work 
include determining if the primary transport pathway of bark beetle induced DOC release is via 
leaching through the soil layers into the groundwater or increased runoff transporting terrestrial 
organic carbon to surface waters. It is also imperative to further understand how the 
characteristics of the DOC are changing and how it is expressed both temporally and spatially. 
 27 
This shift has higher DBP formation potential, human health risk and water treatment 
ramifications in beetle-infested watersheds.  
2.3.4 Metals and Base Cations 
Bark beetle infestations may alter cation and aluminum fluxes as increased nitrification 
reduces the soil pH and leads to the exchange and loss of base cations (Ca2+, K+ and Mg2+) and 
aluminum from the soil (Huber et al. 2004; Tokuchi et al. 2004). Aluminum concentrations in 
seepage water have been shown to increase post attack and correlate with NO3 concentrations 
(Zimmermann et al. 2000; Huber et al. 2004; Tokuchi et al. 2004) as the negatively charged NO3 
colloid attracts the positively charged aluminum ions. Mineral soil (Huber et al. 2004) and 
surface water concentrations (Tokuchi et al. 2004) of base cations have also been shown to 
increase for up to 7 years post attack. It seems likely that if there is an increased NO3 flux after 
bark beetle infestation it will lead to base cation or aluminum leaching, as determined by the soil 
geochemistry and initial metal content within the soil.  
While Kaňa et al. (2013) did not measure soil-water concentrations, they did find 
elevated base cation concentrations in the soil below attacked trees in a Czech Republic forest. 
K+ concentrations responded immediately, indicative of the rapid release of K+ from decaying 
spruce residues or lack of K+ uptake from vegetation, followed by a slower increase in Ca2+. The 
drastic increase in base cations caused replacement of Al3+ and H+ ions in the soil sorption 
complex, leading to a higher soil pH after beetle infestation despite acidic needle drop. It appears 
with the increasing soil pH and base saturation that the quality of soils in the Czech Republic 
catchment increased post-beetle infestation as compared to before the infestation; however, the 
increased mobility of other cationic metals such as Cu, Zn, and Cd which were not investigated 
in these studies may lead to detrimental water quality impacts.    
Literature regarding changes in transport of other metals (besides aluminum) following 
bark beetle infestation is limited. Complimentary studies investigating the effect of land use 
change (agricultural versus forest) on metal mobility have found up to 80% of the measured Zn 
and Cd levels to be above current ground water quality standards after forest soil acidification 
(Römkens and Salomons 1998). The effects on metal flux are complex due to intertwined 
processes such as ligand affinity and aqueous solubility as a function of pH. DOC is known to 
form complexes with metals such as cadmium, copper, nickel and zinc (eg. Christensen et al. 
1996; Antoniadis et al. 2002), thus increasing their mobility. Accordingly, it is possible that 
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metal mobility could be increased by complexation with DOC resulting from large-scale tree die-
off and an initial rapid loss of carbon from the soil (Xiong et al. 2011) followed by prolonged 
release into the adjacent water supplies (Huber et al. 2004; Mikkelson et al. 2013b). If DOC-
metal complexation is the primary mechanism for metal transport in the watershed, then it is 
important to also take into consideration hydrologic controls on DOC release. If the infested 
watersheds exhibit a typical seasonal peak release of DOC (approximately one month prior to 
peak stream discharge) (eg. Hornberger et al. 1994), then peak metal concentrations can be 
expected around a similar seasonal timeframe. However, as it is still unknown which dominant 
DOC transport pathways are altered post beetle infestation, it is possible that the typical 
hydrologic controls on DOC release will change. Therefore, pre-infestation watershed 
characteristics such as soil metal concentrations and dominant hydrologic flow paths are critical 
in determining watershed response. It has also been shown that in waters receiving little urban 
input (i.e. waters from forested catchments), aromatic humic substances are the dominant metal 
chelators (Baken et al. 2011). If bark beetle infestations increase the aromaticity of DOC, 
particularly in low flow months, as suggested by field data presented by Mikkelson et al. 
(2013b), and discussed above, then metal transport via DOC complexation could be enhanced, 
especially in low flow months.     
 Along with DOC complexation, pH is well known to influence metal mobility (Gäbler 
1997; Römkens and Salomons 1998; Sauvé et al. 2000) where lower pH generally increases 
solubility, desorption rates from soil, and thus mobility. Acidification is possible following forest 
die-off due to increased nitrification (Hélie et al. 2005) and an increased acidic needle pulse to 
the forest floor and therefore could lead to increased cationic metal solubility. Conversely, 
increases in pH as was observed in Kaňa et al. (2013) and Xiong et al. (2011) potentially could 
increase metal mobility as the solubility of DOC increases with increasing pH (Guggenberger et 
al. 1994) and DOC is more readily available for complexation. Although there is no literature 
that addresses metal-mobility impacts of the bark beetle infestation, it is important to determine 
if metal mobility will be altered because of the potential impacts on ecological health as well as 
possible complications in municipal water treatment and drinking water quality. Research needs 
to begin with stand-scale observations of soil-water metal concentrations and expand out to 
watershed and regional-scale observations of surface and groundwater metal concentrations over 
the entire beetle infestation progression as other land use changes with similar biogeochemical 
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phenomena (eg. Römkens and Salomons 1998) have resulted in large differences in metal 
mobility  
2.4 Summary and Synthesis 
Coupled hydrologic and biogeochemical processes resulting from bark beetle outbreaks 
have the potential to alter water quality and quantity; however impacts on water supply and 
ecological ramifications are not yet fully understood. From a critical analysis of the current 
literature, the following hydrologic generalizations can be made about bark beetle infested 
forests: 
• While the magnitude of the shift appears variable, snow depth will increase in infected 
catchments. 
• Changes in evapotranspiration are more variable and may be offset by competing 
components, such as decreased transpiration but increased ground evaporation.  
• Soil moisture increases are probable, although seasonal fluctuations may be influential in 
determining overall increases. 
• Stand-scale water yield will increase; however, confounding factors such as percent 
infested, evaporation rates, and climate make predicting changes in water yield difficult 
on a watershed or regional scale. 
These hydrologic shifts combined with other beetle-induced impacts will in turn affect terrestrial 
biogeochemistry with potential adverse impacts on nutrient cycling and water quality. While 
these effects appear to have regional variability linked to factors such as soil type and 
precipitation, some possible trends are: 
• A lag in time between initial infestation and observance of concentration changes exists 
for most nutrient responses; however, this time-scale lag differs depending on nutrient 
and watershed characteristics. 
• Nitrate soil response will be dependent on atmospheric N-deposition and climatic factors. 
• Ammonium is likely to increase in soil beneath dead trees due to increased mineralization 
or organic matter and cessation of nutrient uptake through the roots of dead trees. 
• Changes in stream water NO3 and NH4 concentrations depend on catchment hydrologic 
flow-paths, atmospheric N inputs, N pools and sinks and potential denitrification in 
underlying soils, aquifers and riparian zones. 
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• Increases in nitrate will be coupled to increased aluminum transport in seepage and soil 
waters. 
• Changes to the composition of total P (dissolved vs. particulate) are probable, although 
the actual concentrations of P may not increase. 
• Soil DOC initially decreases due to cessation of root exudate processes until needle drop 
where decomposition rebounds soil DOC concentrations. 
• There is a potential for increases in both DOC concentration and refractory properties in 
stream and groundwaters. 
As a result of competing hydrologic processes and the inherent variability of natural 
watershed characteristics and infestations, coupled and indirect water resource effects related to 
beetle infestation are difficult to predict. It is still necessary to distil the essential climatic, 
watershed, forest stand, and beetle attack variables that impact overall water supply to support 
predictive understanding and models for future water management that work across different 
scales of distance and time.  
In addition, detailed studies investigating the impact of watershed flow paths and 
residence times after a beetle infestation are needed to better understand the link between water 
quantity and water quality alterations (eg. Römkens and Salomons 1998) and determine the 
length of time during which a catchment response to beetle infestations might be expected. If 
beetle infested watersheds exhibit fractal scaling then the watersheds have the potential to retain 
a long memory of past inputs (eg. Kirchner et al. 2000; Kollet and Maxwell 2008), extending the 
impact of the bark beetle infestation well beyond what was initially anticipated. Conversely, if 
beetle epidemics increase preferential flow through the soil in response to increased snowmelt, 
spatial variability in snowmelt processes, and changes to melt timing, then significant buffering 
may not occur, and we should expect to see more dramatic changes in surface water composition 
(Godsey et al. 2010). However matrix flow is known to often provide significant buffering to 
rapid changes (Frisbee et al. 2012), which could explain why streamflow alterations post beetle 
infestation are only observed within certain watersheds. Beetle kill results in temporal and spatial 
heterogeneity in several hydrologic processes, and this heterogeneity can play a large role in 
watershed response. Whether or not a catchment delivers a rapid, concentrated pulse of released 
nutrients, DOC, and metals to surface waters or a less concentrated but prolonged pulse depends 
upon a specific catchment’s residence time and dilution capacity, which may or may not mitigate 
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the beetle infestation impacts. Further research is needed to understand the transport and 
buffering mechanisms that may offset potential water quality effects in infested watersheds. 
The potential for perturbations to nutrient cycling, and metal speciation and mobility are 
unclear, though recent research suggests that shifts may impact downstream ecological and 
municipal water quality (Frisbee et al. 2012). Research agrees that alterations to N and DOC 
cycling will occur at the tree-scale (Table 2.2), although compilations of large-scale responses 
are uncertain and still emerging in the literature. A better understanding of outcomes requires 
field evidence as well as a better mechanistic understanding of these integrated and sometimes 
competing processes, as it has been argued that insect infestations have the potential to affect C 
cycling on a regional scale (Mikkelson et al. 2013b). This understanding can then be 
complimented by model development and validation to further explore the potential severity and 
duration of the impacts of bark beetle infestations on water quality in order to plan and mitigate 
for potentially adverse outcomes. Timing and transport are additional variables where a strong 
integration and understanding of traditional hydrological approaches will play an important role 
in better understanding biogeochemical ramifications. Understanding these water quality and 
supply alterations is particularly important, as climate change continues to increase the range and 
severity of insect infestations in coniferous forests throughout the world. 
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Abstract  
Recent mountain pine beetle infestation in the Rocky Mountains of North America has killed an 
unprecedented acreage of pine forest, creating an opportunity to observe an active re-
equilibration in response to widespread land cover perturbation. This work investigates metal 
mobility in beetle-impacted forests using parallel rainwater and acid leaches to estimate solid-
liquid partitioning coefficients and a complete sequential extraction procedure to determine how 
metals are fractionated in soils under trees experiencing different phases of mortality.  
Geochemical model simulations analyzed in consideration with experimental data provide 
additional insight into the mechanisms controlling metal complexation. Metal and base-cation 
mobility consistently increased in soils under beetle-attacked trees relative to soil under healthy 
trees. Mobility increases were more pronounced on south facing slopes and more strongly 
correlated to pH under attacked trees than under healthy trees. Similarly, soil moisture was 
significantly higher under dead trees, related to the loss of transpiration and interception. Zinc 
and cadmium content increased in soils under dead trees relative to living trees. Cadmium 
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increases occurred predominantly in the exchangeable fraction indicating increased mobilization 
potential. Relative increases of zinc were greatest in the organic fraction, the only fraction where 
increases in copper were observed. Model results reveal that increased organic complexation, not 
changes in pH or base cation concentrations, can explain the observed differences in metal 
partitioning for zinc, nickel, cadmium, and copper.  Predicted concentrations would be unlikely 
to impair human health or plant growth at these sites; however, higher exchangeable metals 
under beetle-killed trees relative to healthy trees suggest possible decline in riverine ecosystem 
health and water quality in areas already approaching criteria limits and drinking water 
standards. Impairment of water quality in important headwater streams from the increased 
potential for metal mobilization and storage will continue to change as beetle-killed trees 
decompose and forests begin to recover. 
3.1 Introduction 
Forests are important regulators of ecosystem function controlling water, energy, and 
nutrient fluxes. Natural and anthropogenic disturbances of forest cover set off a ripple effect 
through the biosphere, lithosphere, hydrosphere and atmosphere of forested mountain 
ecosystems. Mountain pine beetle (MPB; Dendroctonus ponderosae) infestation has resulted in 
devastating tree death in the Rocky Mountains of the western United States and Canada with 
important ecological and societal implications. Warming climate and drought conditions have led 
to the unprecedented severity of the current infestation, as the MPB has impacted forests at 
higher elevations and latitudes, and attacked trees with weakened defenses (Kaiser et al. 2013; 
Mitton and Ferrenberg 2012). The resulting and extensive land cover change impacts not only 
the aesthetic and commercial value of affected forests, but also the water and biogeochemical 
cycles in these important mountain watersheds (Mikkelson et al. 2013a). Previous 
biogeochemical research has focused on nutrient cycles in killed stands, and suggests the 
potential for increased fluxes of dissolved organic carbon (DOC), nitrogen, base cations, and 
aluminum into soils as trees are killed and decompose (Kaňa et al. 2013; Griffin and Turner 
2012; Clow et al. 2011; Griffin et al. 2011; Huber et al. 2004; Tokuchi et al. 2004; Zimmermann 
et al. 2000); however results are highly watershed specific (Mikkelson et al. 2013a). Increased 
nitrification, base cation release from litter or exchange processes, or changes in organic acid 
inputs may also alter soil pH and ultimately metal mobility. Decreases in soil pH are possible 
from increased nitrification (Feller 2005); however, studies of soil chemistry alterations under 
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beetle-killed trees in North America and Europe found increases in soil pH, likely related to 
exchange-site competition from increased base cation inputs (Kaňa et al. 2013; Xiong et al. 
2011). The changing chemistry in soil waters resulting from insect-induced tree death and 
decomposition may have important implications for trace metal mobility, but has only recently 
been studied (Mikkelson et al. 2014). In that study, pine needle leachate mobilized metals from 
soil columns, which consistently eluted higher concentrations of Zn, Cu, and Al than artificial 
rainwater. Eluted metal concentrations were found to be most strongly correlated with DOC and 
Ca ions, suggesting the importance of organic complexation and base cation competition in 
mobilizing metals in beetle-impacted forests and increased metal inputs from decomposing 
needles (Mikkelson et al. 2014). 
Metal mobility in soil water is largely controlled by sorption, complexation, and mineral 
phase reactions, including ion exchange, specific adsorption, organic complexation, and 
precipitation (Gong and Donahoe 1997). These processes depend on pH and soil composition 
(i.e. iron and manganese oxide, organic matter (OM), and clay content); however, the relative 
importance of each process may not be consistent for all trace metals.  For example, pH-
dependent specific adsorption may be the dominant process for Zn, whereas Cu mobility depends 
on complexation with organic ligands (Gong and Donahoe 1997; Sauvé et al. 1997; McBride et 
al. 1997). Metal complexation with OM is likely to increase as forests progress through MPB 
infestation.  Although initial losses of labile carbon in mineral soils were observed as root 
exudation ceases (Xiong et al. 2011), prolonged carbon fluxes from organic horizons may occur 
as tree needles and boles continue to decay (Huber et al. 2004; Kaňa et al. 2013). Soil carbon and 
pH changes may cause different metal mobilization processes to be important with tree death and 
subsequent regrowth; however the relative importance of each mechanism is unknown. The 
long-term effects of widespread MPB-induced tree death on metal mobility are also uncertain. 
As forests recover from widespread lodgepole pine death, regrowth often contains more 
subalpine fir, Engelmann spruce, and aspen (Pelz and Smith 2012), which may lead to changes in 
soil properties with trees species (Andersen et al. 2004), such as greater nutrient availability in 
new aspen forests (Buck and St Clair 2012). In addition, if organic matter and metals accumulate 
in the soil from needle leachate and bole decomposition, metals may continue to be leached as 
the forest recovers (Brun et al. 2008). 
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To understand the potential for delayed metal release and improve understanding of 
mobilization mechanisms, it is important to characterize the solid phase metal concentrations in 
soil, which may be the source of metals, but wherein different mechanisms are responsible for 
metal release. Resulting distributions provide a better understanding of how metals are mobilized 
by identifying where and how metals are sequestered in soils, highlighting the potential for 
release from environmental perturbations from land cover change, such as changes in pH or 
water and OM fluxes. The relationship between plants and metal partitioning and mobility in 
forest soils is complex and often complicated by spatial variability in total metal content and soil 
composition (Nowack et al. 2010). Specific studies concerning the effect of litter-derived organic 
matter on metal fractionation are limited; however, humic acids applied as soil amendments have 
been observed to affect mobility differently for different metals (Janoš et al. 2010). Application 
of solid humic acid redistributed Zn and Pb to a less mobile phase in moistened soils but 
increased Cu mobility (Clemente and Bernal 2006). These effects were more pronounced in 
acidic soils than in calcareous soil, highlighting the relevance for soils typical of pine forests. 
Increases in Cu mobility may be attributed to complexation to soluble organic matter or colloids 
(Clemente and Bernal 2006), and may also reflect redistribution from residual to OM-bound 
fractions in soils (Janoš et al. 2010).   
The objective of this study is to identify the potential mechanisms of metal mobilization 
and fractionation in soils collected beneath trees undergoing different stages of MPB-attack.  Our 
approach uses a two-stage leaching procedure to identify the potential for increased metal 
mobility under dying trees. After identifying potential changes in metal mobility at the first site, 
a sequential extraction procedure (SEP) is employed to identify where metals are complexed in 
pine forest soils from an additional sampling event and how that may change as infestation 
progresses. Laboratory findings are then enriched through geochemical modeling to further 
identify controls on metal mobility and soils that may be more susceptible to metal leaching from 
MPB-induced tree death as well as provide generalizable results that transcend tree-scale soil 
heterogeneities between field samples.  Collectively, this study moves toward a better 
understanding of metal mobilization mechanisms and changes in complex forest soil impacted by 
the MPB. 
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3.2 Methods 
3.2.1 Sample collection  
 Two soil sampling events were conducted, one for each leaching procedure.  Depending 
on the site, samples were collected from under green, red and grey phase trees. Green phase trees 
are alive and transpiring and are considered the control in these experiments.  Red phase trees 
have been attacked and cease to transpire by the following growing season.  During this phase, 
trees retain the majority of their needles, which have turned red in color.  By three to four years 
after attack, trees enter the grey phase and have lost almost all needles (Wulder et al. 2006). 
The first set of samples was collected from Keystone Gulch basin (39.60º N, 105.98º W) 
near Dillon Reservoir, CO on September 22, 2010.  Soils in this area are mapped as Frisco and 
Peeler sandy loams, which are derived from glacial drift and alluvium and colluvium from 
granite and granitic gneiss; these soils are composed of approximately 57% sand, 27% clay, and 
16% silt (NRCS 2013). The bedrock in the region around this sampling location was 
hydrothermally altered and may contain higher acid-producing sulfide minerals and possibly 
trace metals than in non-altered regions of Colorado (Neubert et al. 2011). Samples were taken 
from beneath three green phase trees and three red phase trees on both north and south facing 
aspects (12 trees total).   Samples were removed from both organic (5 – 20 cm) and mineral 
horizons (20 – 25 cm) and collected from a single pit one meter downslope from the bole. Ashy 
E horizons were not sampled as they were intermittently observed under green trees, but 
generally not under red phase trees. Mean diameters of the trees selected were 18.5 ± 4.0 cm 
(green pines, n = 6) and 21.3 ± 4.0 cm (red pines, n = 6). 
After the initial site was logged and slash was burned, the second set of samples was 
collected from Rocky Mountain National Park (RMNP), near Estes Park, CO (40.33º N, 105.60º 
W) on September 6, 2012. Soils throughout this study area are mapped as Isolation gravelly 
sandy loam and formed from alluvium, colluvium, or till derived from granite, gneiss, and schist 
and were observed to be shallow and poorly developed; these soils are composed of 
approximately 65% sand, 13% clay, and 22% silt (NRCS 2013). Based on understanding 
gathered from Keystone Gulch soils, samples were collected on a south-facing slope beneath 
three of each phase of tree (green, red, grey), resulting in 9 bulk samples for analysis.  Three 
shallow pits located half way between the trunk and drip line were used to collect the samples. 
Prior to analysis, soil samples from the pits were combined and homogenized creating one 
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sample for each tree. Samples were collected from the most decomposed organic layer 
represented under each tree, comparable to the organic layer from the first sample set. Mean 
diameters of the trees selected were 17.0 ± 2.0 cm (green pines, n = 3), 21.0 ± 4.0 cm (red pines, 
n = 3) and 23.3 ± 3.5 cm (grey pines, n = 3). 
3.2.2 Soil preparation and laboratory procedures 
Samples were air-dried and passed through a 2mm sieve after manually removing twigs 
and roots. Dry soils were stored at <4˚C until use (Rubio and Ure 1993).  A 5-10 g sub-sample 
was weighed and dried at 50 ºC for 24 hours before reweighing to determine moisture content 
and to minimize volitalization of organics (Nelson and Sommers 1996). Organic matter content 
was determined by loss on ignition (LOI) at 400 ˚C for a minimum of 8 hours (Nelson and 
Sommers 1996; Blume et al. 1990). pH was determined by combining a 10g sub-sample of air-
dried soil with either 10 mL of 0.01 M CaCl2 (allowed to stand for 10 minutes after mixing) to 
measure pHCaCl2 (Thomas 1996) or shaken in DI water to determine pHH2O. 
For both leaching procedures, all extractants were made with 18 MΩ water and acid 
washed glass lab equipment.  When continuous agitation was required, samples were shaken 
horizontally on a shaker table at speeds specified in the standard dual leach and SEP protocols 
(300 and 50 rpm, respectively).  All temperature-controlled steps were performed in a water bath 
with 50 rpm of continuous agitation and occasional manual agitation. The leachate was analyzed 
with inductively coupled plasma atomic emission spectroscopy (ICP-AES; Perkin Elmer 5300). 
Prior to analysis, samples were centrifuged per the appropriate dual leach and SEP protocols 
(515 g for 30 minutes and 3000 g for 5 minutes, respectively) and all leachates were filtered to 
0.45 µm with nylon acetate filters. Soil leaches identified Cd, Cu, Ni and Zn as elements of 
interest that are also regulated by water quality statutes (U.S. Environmental Protection Agency 
2012). The ICP detection limits were as follows:  0.1 µg/l for Cd, 0.9 µg/l for Cu, 0.8 µg/l for Ni 
and 0.3 µg/l for Zn.  
3.2.3 Two-phase leaching of Keystone Gulch soils  
For green and red phase samples from the Keystone site, 2.0 g (n=12) of soil dried at 50 
ºC for 24 hours was leached with 40 mL of solution in two parallel leaching procedures, both 
with a solid-liquid ratio of 1:20 (van der Sloot et al. 1996). To gauge the most labile quantity of 
metals and simulate conditions in soil-water during a moderate rain event, the first leaching 
phase used an artificial rainwater composed of dilute salts (Table 1) according to Davies et al. 
 38 
(2004). The second leaching phase used nitric acid to determine total recoverable metals (Table 
1; U.S. Environmental Protection Agency 1992). From these leaches, the solid-liquid partitioning 
coefficient was calculated as (Allison and Allison 2005): 
K! = !! *
!! ![!!]
[!!]
      (1) 
where KD is the solid-liquid partitioning coefficient (L kg-1), L / S is the liquid to solid ratio (20 L 
kg-1), [MN] is the concentration of metal “M” determined by nitric acid leaching procedure (mg 
L-1), and [MA] is the dissolved concentration of metal “M” analyzed in artificial rainwater 
leachate (mg L-1). Lower KD values correspond to increased metal mobility. 
3.2.4 Sequential extractions of soils in Rocky Mountain National Park  
Sequential extraction procedures (SEP) were based on Li et al (1995) and define four 
operational extractable fractions consistent with those in the widely used Tessier SEP (Tessier et 
al. 1979): exchangeable, carbonate-bound and specifically adsorbed (acid-soluble), 
iron/manganese oxide-bound (reducible) and organic matter and sulfide bound (oxidizable). 
Consistent with the SEP procedure (Li et al. 1995), soils were ground using an acid washed 
mortar and pestle and sieved to <150 µm prior to extractions. Ground and sieved soils (1 g) from 
each tree were transferred to a 50 ml polypropylene centrifuge tube for extraction with the 
leachates and procedures described in Table 1. Between leaches, samples were centrifuged and 
the supernatant was decanted into new polypropylene tubes.  Samples were washed with 8 ml of 
18 MΩ water, continuously agitated for 5 minutes, and centrifuged again prior to the next step. 
Final matrix adjustment and acidification with HCl was performed consistent with the SEP 
procedure for the leachate aliquots from steps 1-4 (4, 1, 15, 15 mL, respectively).  
3.2.5 Geochemical modeling  
A three-site model of metal sorption in soils was used to capture important release 
mechanisms including ion exchange on clay surfaces, surface complexation with iron oxides, and 
organic complexation. The multi-surface model was populated with metal concentrations based 
on the results of the sequential extractions (Table A-1) and implemented in PHREEQC 
(Parkhurst and Appelo 2013). 
Ion exchange: Metal exchange on clay surfaces was represented using the Gaines-
Thomas exchange convention in PHREEQC and associated databases.  The exchange sites were 
initially populated with the combined cation concentration leached during the exchangeable, acid 
soluble, and organic matter extractions performed in the SEP. The total number of sites was 
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based on a cation exchange capacity of 10 meq/100 g, consistent with Isolation gravelly sand 
loam in RMNP (NRCS 2013).  
Surface complexation: Metal surface complexation was modeled using a two-site diffuse 
double layer surface complexation model, parameterized using the surface area, site density and 
thermodynamic data of Dzombak and Morel (1990) for complexation to strong and weak affinity 
sites on hydrous ferric oxide (HFO).  The iron oxide content was based on the extracted iron 
from the reducible step of the SEP and assuming 10% was HFO (Appelo and Postma 2005).  
Organic complexation: The reactive fraction of soil organic matter (SOM) was assumed 
to be predominantly humic substances (i.e. humic and fulvic acids) that are well described by a 
discrete site model. The model was based on the wateq4f.dat database for PHREEQC, with 
additional constants from the WHAM family of models (Tipping 1998; Tipping and Hurley 
1992) to generate the T&H.dat database (available through Appelo and Postma 2005). The 
WHAM-based model describes proton and metal sorption using eight binding sites of varying 
strengths, representing carboxylic and phenolic acid groups.  The model also includes bidentate 
complexes, ultimately resulting in 20 total binding sites. Electrostatic effects from cation binding 
to the surface of organic matter are accounted for using the diffuse-layer functionality of 
PHREEQC, assuming a constant layer thickness.  Tridentate complexes (available in WHAM 
VI; Tipping 1998) or complex couplings and additional electrostatic effects (available in 
PHREEQC-Model VI; Marsac et al. 2011) were not used in this model.  Complexation to 
dissolved organic matter was implemented in the model by adding additional surface sites for 
DOC with the WHAM-based thermodynamic constants for humic substances. 
3.3 Results & Discussion   
3.3.1 Effect of tree death on metal mobility coefficients in Keystone Gulch soils 
The mobility of selected metals was quantified using solid-liquid partitioning coefficients 
(KD), with lower coefficients indicating greater mobility.  Mean KD values were consistently 
lower under red trees than under green trees for each metal within both soil horizons analyzed 
with varying levels of significance (Figure 3.1, Table A-2). Assuming that green trees represent 
predisturbance soil conditions, lower KD values under attacked trees indicate increased mobility. 
This trend was significant for Al, Ba, Cd, Cu, Ni, and Zn (p < 0.05) in the organic horizon and in 
the mineral horizon for Al, Cd, and Fe (p < 0.05), with less significant (p < 0.1) decreases noted 
for Ba and Ni. In general, leachates from mineral horizon samples had lower metal mobility 
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(Figure 3.1, Table A-2) and higher pH (Table 3.2) than organic soils. Changes in the partitioning 
coefficients from the green to red phase reflect the combined effect of metals leaching from the 
solid phase and increasing mobile cation inputs from the litter leachate. Zn, Ni, Cu, and Cd 
contents determined by the nitric acid leach in this study are 10-35% lower than total metal 
concentrations from XRD analysis of soils in the Keystone area reported by Mikkelson et al 
(2014). Acid-leached Zn concentrations were generally consistent with expected background 
levels from a previous report; however Cu concentrations were 50-80% lower and Cd 
concentrations 10-20 times higher than background levels reported nearby (HRC 2001). These 
differences highlight the spatial heterogeneity of metal contents in these soils. 
 
 
Figure 3.1: Mean solid-liquid partitioning coefficients (KD) ± one standard deviation for trace 
metals of interest and base cations in the organic horizon and mineral horizons under red 
(squares) and green (circles) phase trees at Keystone Gulch. 
 
Base cations also exhibited greater mobility under attacked trees (Figure 3.1). Greater K 
and Mg mobility under red trees was observed in both the organic and mineral soil horizons 
(p<0.1 and p<0.05), and for Mg on south facing slopes (p<0.05). Analyses of Ca and Na 
partitioning coefficients indicate the potential for increased mobility; however, only increased Na 
mobility with tree death in the organic soil horizon was significant (p<0.1). In general, rainwater 
leached concentrations of base cations were greater in organic soil horizons under red trees than 
in those under green trees. This finding is consistent with literature reports of significantly higher 
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K in both humus and topsoil layers under beetle-killed trees, and higher Ca and Mg 
concentrations in only the humus layer (Kaňa et al. 2013). In a beetle-impacted spruce forest, 
earlier release of K was observed, suggesting that other cations may become more important as 
attack and decomposition progress (Kaňa et al. 2013). The loss of plant uptake of base cations 
may also cause the accumulation of easily exchanged cations in the soil under dead trees, 
consistent with observations of K accumulation after attack (Xiong et al. 2011). 
No significant changes in pH were observed between tree phases at either site (Table 
3.2), although pH was significantly higher in the mineral than in the organic horizon at Keystone 
Gulch (p<0.01). Correlations between pH and log KD were consistently stronger under red trees 
than under green trees for the Keystone Gulch samples binned across aspect and soil horizons.  
For example, the coefficient of determination (R2) for the Zn regression increased from 
R2=0.0001 for green trees to R2=0.84 for red trees (Figure 3.2).  Improved explanation of 
variance (indicated by an increase in R2, or ΔR2>0.20) was also found for Ba (ΔR2= 0.35), Ni 
(ΔR2= 0.37), and Mn (ΔR2= 0.68).  Consistent with Fig. 1, the mobility associated with green 
trees was generally lower than that associated with red trees at a given pH value, particularly at 
lower pH values.   
The higher correlation under red trees suggests that metal mobilization is influenced 
either directly by differences in pH, or indirectly by processes that are influenced by pH or vary 
concurrently with pH, such as ion exchange, DOC mobility, and mineral solubility. Ion exchange 
and DOC related changes may also be related to cation and carbon release as trees are killed and 
decompose. In green trees, however, the poor correlation indicates more complex or 
heterogeneous controls on metal mobility, potentially including complexation with DOC, 
carbonates, or other ligands of interest in forest soils.  The more correlated response under red 
trees may also be attributed to the composition and degree of degradation of the litter, which may 
be expected to be more uniform under red trees, and is consistent with the smaller variance in KD 
under red trees, as represented by the error bars in Fig. 1. By nature of the response to infestation 
and resulting tree die-back phases, trees in the red phase can be expected to drop more needles 
over a relatively short time period compared to green trees, which may steadily accumulate a 
more variable composition of litter that has decomposed and leached over a range of timescales 
(Klutsch et al. 2009).   
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Figure 3.2: Regressions of Zn mobility (reported as log KD) versus pH binned across horizons 
and aspects at Keystone Gulch for soils under red (squares) and green (circles) phase trees. 
 
The magnitude of change in metal partitioning also differs based on aspect (Figure 3.3). 
The increased mobility associated with red trees was observed on both north and south facing 
slopes; however, this trend was more pronounced on south facing slopes for Zn and Cd (Figure 
3.3).  This difference between north and south facing slopes may be related to inherent 
differences in soil composition with aspect or the enhancement of these differences as a result of 
tree death. For example, the greater difference on south facing slopes may be attributed to 
increased exposure to solar radiation due to canopy loss, which would accelerate the rate of 
photodegradation (Austin and Vivanco 2006) as a tree progresses through stages of infestation. 
Increased decomposition of the litter layer releases more soluble metals and base cations as well 
as leachate DOC.  If the increase in DOC and base cations outweighs the increase in soluble 
metals, total recoverable metals from samples of the underlying soil will decrease.  The increased 
wetting and drying cycles and potential differences in soil moisture on south facing slopes 
therefore have the potential to increase the resultant change in partitioning coefficient. In 
addition to increased exposure, beetles preferentially attack weakened trees in drier 
topographical locations, such as south-facing slopes, and thus south-facing slopes are often 
attacked first (Kaiser et al. 2013). As a result, selected trees on south-facing aspects may have 
been attacked earlier, allowing more time for decomposition and uptake loss.  Different 
predisturbance moisture regimes may also cause distinct soil properties under preferentially 
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attacked trees.  At Keystone Gulch, the absence of consistently observed E-horizons under red 
trees may reflect a drier predisturbance condition consistent with preferential MPB-attack.  
 
 
Figure 3.3: Mean solid-liquid partitioning coefficients (KD) ± one standard deviation for select 
metals in the organic horizon under red (squares) and green (circles) phase trees on south (S) and 
north (N) facing slopes at Keystone Gulch. 
 
3.3.2 Soil moisture trends under MPB impacted trees at two sites 
 In general, MPB-induced tree death altered the soil moisture at the tree scale for both 
sampling events (Figure 3.4, Table 3.2); however, the significance of these trends depended on 
aspect and soil horizon.  At Keystone Gulch, soil moisture was higher under red trees than under 
green trees, in both soil horizons (Table 3.2). Across horizons, soils under red trees on south 
facing slopes were on average 60% wetter relative to green trees (6.2%, n=6 compared to 3.9%, 
n=6; p<0.11); however no pronounced differences were observed between green and red phase 
trees on north facing slopes. Comparing across aspects and soil horizons revealed modest 
increases in soil moisture under red phase trees compared to living pines (42% increase, n=12; 
p<0.12). Trends in organic soils sampled on south facing slopes from RMNP in 2012 were 
consistent with those from Keystone Gulch in 2010; however, soil moisture increases were only 
significant under red trees (103% increase; p<0.01; Table 3.2) and not under grey trees.  
Soil moisture trends with tree death are consistent with observations and models of 
transpiration loss and needle fall in MPB-impacted forests (Bearup et al. 2014a; Hubbard et al. 
2013; Maness et al. 2013; Mikkelson et al. 2013c). In the initial stages of attack, transpiration 
ceases, suggesting increases in soil moisture.  In the grey phase, after needles fall, increased solar 
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exposure and ground evaporation may cause the soil moisture to decrease from the red to grey 
phase. This interplay between evaporation and transpiration may also have important 
implications for wetting-drying cycles and related litter decomposition and nutrient release.  
Drying cracks observed at Keystone Gulch in the boundary between the litter and organic 
horizons in red phase trees further suggest intensified wetting–drying cycles, particularly on 
exposed south-facing slopes. 
 
 
Figure 3.4: Spatial representation of soil moisture and organic content in RMNP soil samples. 
Marker size represents property values ranging from 5-14% for moisture content and 4-43% for 
organic content (LOI) in a field plot defined in latitude and longitude. “GN” indicates green, “R” 
indicates red, and “GY” indicates grey phase trees. 
 
3.3.3 Effect of tree death on metal fractionation in forest soils from Rocky Mountain National 
Park 
In Keystone Gulch soils, the observed decrease in partitioning coefficients, indicating 
increased metal mobility under red phase trees, suggests initial losses of total sorbed trace metals 
from the soil profile, particularly in the event of increased wetting and drying cycles and changes 
in soil moisture.  As tree death progresses, it is also likely that base cations and select trace 
metals leached from fallen litter will accumulate in the soil profile and result in cation exchange 
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processes or increased metal loading in the organic layer.  In general, sequential extraction 
results from soils collected in RMNP suggest that the accumulation of metals is also an 
important control on metal mobility (Figure 3.5); however, different metals exhibited different 
solid-phase behavior.  Consistent with other studies of trace metals in lodgepole pine trees (Ayer 
and Kratochvil 1986), small scale soil heterogeneity created substantial variability in this largely 
qualitative analysis. 
 
 
Figure 3.5 Total metal content (bar height) divided into metal content sequentially extracted from 
the exchangeable, acid-soluble, reducible, and oxidizable soil fractions (segment tone) for 
individual trees in each phase of tree death; i.e. unimpacted (green), killed but retaining needles 
(red), and dead with most needles dropped (grey). Note the Ni, Cu, and Cd content are multiplied 
by a factor of 3, 4, and 50, respectively. 
 
Cd, Cu, Ni, and Zn were identified as metals of interest in this analysis due to their 
presence in RMNP soils and trends that were consistent with changes in the organic layer 
partitioning coefficients in Keystone Gulch discussed above. High concentrations of Cd, Cu, Ni, 
and Zn in soils may also have eco-toxicological implications for conifer seedlings, including 
inhibited regeneration and root growth (Kukkola et al. 2000; Kahle 1993) and for aquatic insects, 
causing substantial mortality at low concentrations (Clements et al. 2013; Schmidt et al. 2013; 
U.S. Environmental Protection Agency 2002). SEP results for other metals are provided in Fig. 
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S1.  Zn, Ni, and Cd were primarily extracted from the reducible fractions (averaging 51%, 41%, 
and 35% across tree phases, respectively), and Cu exhibited the highest percentage in the 
oxidizable fraction (averaging 45%, compared to 25% for Zn and 20% for Ni; Table A-3).  This 
is consistent with literature that suggests that Cu is readily complexed by soil organic matter, but 
Zn and Ni are associated with iron and manganese oxides resulting from co-precipitation, or in 
the case of organic soils from sorption of organic complexes onto oxide surfaces (McKnight et 
al. 1992). Cu also exhibited a lower percentage in the exchangeable fraction (averaging 4.6% 
across all tree phases, compared to 14% for Zn and 21% for Ni, Table A-3), suggesting that 
mobilization from mechanisms such as pH change or base cation competition are less likely for 
Cu.  In contrast, 33% of Cd was extracted from the exchangeable fraction. 
Differences in metal fractionation between tree phases were not statistically significant, 
although more than 10 samples per condition might enhance statistical validity (Helsel and 
Hirsch 2002), which was not feasible at the time of sampling in RMNP due to limitations on 
suitable red trees for sampling with consistent size, age, and local topographical conditions.  
Thus, a discussion of the qualitative differences is provided, which lends considerable insight to 
metal release mechanisms. In contrast to expectations from the partitioning coefficient analysis, 
metal leaching from the exchangeable or acid-soluble phases was not generally observed as trees 
progressed from the green to grey phase (Figure 3.5). In contrast, metals, particularly Zn and Cd, 
accumulated in soils under grey trees, as depicted by the grey bars in Figure 3.5 (29% and 33% 
increase, respectively, p<0.25).  This observation may be attributed to metal inputs from 
increased litterfall (Mikkelson et al. 2014), loss of uptake as transpiration ceases (Kahle 1993), 
or higher concentrations in needles with tree death (Ayer and Kratochvil 1986). Zn increases 
under grey trees are primarily observed in the oxidizable phase, suggesting association with 
organic matter. One grey-phase tree presented an exception to this observation and had a Zn 
concentration in the oxidizable phase that was the same or less than the red or green phase trees 
(Figure 3.5).  This tree, depicted as tree GY2 in Figure 3.4, also had anomalously low total 
organic matter content (4% compared to 35%, the average of remaining grey trees based on 
LOI), providing evidence that Zn and organic matter release and accumulation from needle 
decomposition, might be an important controlling mechanism. The distribution of Cd shifted 
toward the exchangeable fraction, indicating increased Cd mobility with tree death.  The lack of 
Cd increase in the organic fraction signifies that the mechanisms controlling Cd mobility in soils 
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differ from Zn. Small amounts of Cd were detected in needle leachate (Mikkelson et al. 2014), 
thus if Cd is accumulating with needle deposition it is more easily redistributed to more labile 
soil fractions than Zn. Changes in Ni fractionation were not detectable (Table A-3), which is 
partially consistent with the observations of the partitioning study, wherein no changes in 
rainwater-leached Ni concentrations were observed. Decreases in the Keystone Gulch Ni 
partitioning coefficient with tree death can largely be attributed to decreases in total sorbed 
concentrations.  This expected leaching from the solid phase was not observed in the RMNP 
extractions, and may be a rapid phenomenon that was not captured in the second sampling event.  
In contrast, total Ni in RMNP soils increased by 29% from the green to red phase and by 8% 
from the green to grey phase, although increases were not statistically significant and biased by 
one red tree with high Ni in the acid soluble phase (Figure 3.5).  Increases in total extractable 
metals may reflect loss of uptake by red trees. Unlike Cd, Ni and Zn, total extractable Cu 
concentrations did not increase in the grey phase; however grey phase trees exhibited a stronger 
redistribution of Cu to the oxidizable phase from the green and red phases (Figure 3.5, Table A-
3).  The difference between Cu, Cd, and Zn behavior suggests that inputs of Zn and Cd from 
litter leachate may be redistributed to other soil fractions and offset potential metal leaching 
whereas Cu is only redistributed to the organic fraction. 
3.3.4 Modeling metal-mobilization mechanisms (pH, base cations, and DOC)  
A mixture of sorption sites can be used to describe metal complexation in soils (Weng et 
al. 2001) and to identify how soils respond to biogeochemical and environmental perturbations.  
Simulations using a three-site hydrochemical model populated with metals from SEP results 
demonstrated that despite different extraction mechanisms, nearly all of the mobilizable fractions 
of metals of interest (Zn, Cd, Cu, Ni) are associated with organic matter in shallow RMNP soils. 
Simulated adsorption of trace metals to clay surfaces was minimal with the highest percentage 
determined for Zn at only 0.1% of the solid phase.  Modeled surface complexation to iron oxides 
was even less important, with the highest percentage determined for Cu (0.02% of the solid 
phase). The relative unimportance of surface complexation in RMNP soils is consistent with the 
low iron oxide content in the Alfic Argiustolls typical of this region (NRCS 2013) and the lack 
of correlation between Fe content and Zn, Ni, Cd or Cu content in the reducible fraction. 
Competing ions (i.e. Na, K, Fe, Al) were modeled only in the clay and iron oxide phases 
and were not simulated using the organic complexation model due to the lack of humic 
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complexation constants for these cations; however, this omission had little effect on the fraction 
of Zn, Ni, Cd, or Cu sorbed to clay surfaces (<0.1% increase in trace metals associated with clay 
exchange sites). The lack of response to decreased concentrations of competing ions suggests 
that clay exchange-site limitations and major-cation availability are not controlling trace metal 
mobility in this model.  When the modeled soil surface was exposed to increased base cation 
concentrations typical of pine needle leachate (i.e., increases in Ca, Mg, Na, K by over an order 
of magnitude from rainwater leachate; Mikkelson et al. 2014) increases in the modeled leachate 
concentrations of Zn, Ni, Cd and Cu were small (2.6%, 0.0%, 0.0%, 0.5%) and were associated 
with modeled Zn and Cu inputs from litter leachate, rather than competition from base cations. 
Similarly, exposing the surface (initially equilibrated at pH=5.0) to a leachate solution with the 
original base cation and DOC concentrations but lowering pH to 4.0 had minimal effect (<1%) 
on metal partitioning. The lack of response to a 1 pH unit decrease is likely related to the initially 
low pH used in this model that is typical of pine forest soils in RMNP. Soils with higher initial 
pH values that are closer to the sorption edge or with a lower ratio of organic matter to iron 
oxides (Appelo and Postma 2005) may be more susceptible to changes in pH.  
The largest simulated change in metal partitioning resulted from the addition of DOC as 
humic substances. The modeled solid-liquid partitioning coefficient calculated for soils leached 
with pine needle tea was consistently lower than that for rainwater leached soils, representing the 
range of leachates for soils under pines (Figure 3.6). This change was only significant with the 
addition of DOC, and was not observed with increased base cation concentrations. The decrease 
in partitioning coefficient is qualitatively consistent with the findings of the two-phase 
extraction, and suggests that the presence of DOC drives these changes in mobility; however, at 
higher metal concentrations these differences may be less pronounced (Doig and Liber 2007). 
The modeled change was subtlest for Cd and greatest for Cu (Figure 3.6), representative of the 
strong affinity of Cu to DOC. Pine needle tea (needles leached in a controlled environment) 
provides an extreme case of relevant DOC concentrations at up to 100 mg L-1  (Mikkelson et al. 
2014). Soil water DOC under red phase trees at Chimney Park, Wyoming averaged 23 mg L-1, 
compared to 14 mg L-1 under green trees in Niwot Ridge, Colorado (Mikkelson et al. 2014; 
Biederman 2013). As seen in Figure 3.6, substantial differences in metal partitioning may occur 
with modest increases of DOC that are particularly relevant in the 10-20 mg L-1 range, which is 
comparable to the differences in reported soil water concentrations under the red and green phase 
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trees.  The high partitioning coefficients modeled for Cu in the absence of humic substances 
indicate that exchange processes are relatively unimportant to Cu mobility in these soils, 
consistent with the low percentage of Cu in the SEP exchangeable fraction (Table A-3).  
Common consensus in the literature also specifies organic complexation as the dominant process 
controlling Cu speciation in surface waters with environmentally relevant DOC concentrations 
(2-7 mg C L-1; McKnight et al. 1983) that are lower than soil water concentrations from under 
living and infested lodgepole pines (Figure 3.6).   
 
 
Figure 3.6: Modeled solid-liquid partitioning coefficients (KD) influenced by the addition of 
dissolved organic carbon as humic and fulvic acids. KD values are calculated from the ratio of 
modeled sorbed to aqueous concentrations for zinc (circle), nickel (square), copper (triangle), 
and cadmium (star). Relevant DOC concentrations for rainwater, pine needle tea, and soil water 
from under green and red phase trees are provided on the top of the graph. Rainwater leached 
(black) and needle leached (white) KD values of Zn, Ni, Cu, and Cd are highlighted in the inset. 
 
3.3.5 Environmental Implications  
Of the metals discussed, Zn is the most likely to persist in MPB-impacted soils.  Zn from 
litter leachate accumulates in the solid phase and is primarily associated with the organic fraction 
of forest soils, although more mobile soil fractions maintained consistent Zn content with tree 
death.  Cd increases in the exchangeable fraction suggest a more immediate impact to soil water 
quality.  Minimal detectable change was observed in Ni fractionation under impacted trees. Cu 
mobility and fractionation are most strongly controlled by the presence of organic matter. Total 
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Cu in the solid phase did not increase; however, the percentage associated with the organic phase 
was generally higher under grey trees than under either red or green. The redistribution of Cu to 
a more refractory soil fraction in the grey phase suggests that delayed Cu release is less likely; 
however, mobilization during periods of high DOC inputs in leachate from increased needle fall 
(i.e. at the start of the grey phase) is still a concern.  Despite the potential for increased mobility, 
total leached metal concentrations of Zn, Ni, and Cu are still below EPA primary and secondary 
drinking water standards (U.S. Environmental Protection Agency 2012) and human health risk 
from these metals is expected to be minimal (Figure 3.7). Exchangeable Cd levels, however, 
exceeded the MCL for all tree phases. The higher toxicity of Cd highlights the importance of 
monitoring changes in small Cd concentrations, particularly in areas with high background levels 
of Cd. Despite these increases in potential exchangeable metals, it is likely that sequestration 
prior to reaching nearby streams and in-stream dilution will mitigate some or all of these 
increases. 
Elevated or depleted metal content in soils may also stress remaining and regenerating 
vegetation.  In Scots pine seedlings, amendments of 5 mg Ni kg-1 dry soil resulted in healthy root 
growth. Higher Ni content (>15 mg Ni kg-1 dry soil) caused injury to pine seedlings including 
inhibited root growth (Kukkola et al. 2000). In RMNP soils, total Ni content for one red tree 
exceeded this injury threshold (19.3 mg Ni kg-1 dry soil, Figure 3.5) and caused the average Ni 
content to increase from 10.9 mg Ni kg-1 dry soil under green trees to 14.0 mg Ni kg-1 dry soil 
under red trees. Although the increases in total Ni may suggest the potential for plant stress, the 
amount in the exchangeable, and thus bioavailable (Preciado and Li 2006), fraction was low, 
with only 6% lower exchangeable Ni under healthy trees. The average exchangeable Ni under 
red trees was 2.7 mg Ni kg-1 dry soil, suggesting that small increases in available Ni with tree 
death may actually facilitate regeneration and root growth.  Similarly, spruce seedlings grown in 
solutions of 30-60 µM Zn exhibited inhibited root growth, an indicator of the effects of heavy 
metal toxicity (Kahle 1993). The total solution concentration leached from the four soil fractions 
in RMNP soils increased from 41.1 µM Zn under green trees to 55.4 µM under grey trees; 
however, only 14.0 µM Zn was extracted from the exchangeable phase under grey trees. Cd 
inhibited root growth in spruce seedlings when grown in solutions of 5-60 µM Cd, with complete 
root growth cessation in solutions with >30 µM Cd (Kahle 1993). Total and exchangeable Cd in 
the present study were substantially lower than this threshold, even under grey trees (0.61 and 
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0.37 µM Cd respectively), which exhibited higher Cd contents than under living trees (Figure 
3.7). Increases in soil metal content accumulated under killed trees are likely a result of 
additional metal inputs to the system through the decomposition of needle and woody materials 
with tree death, indicating an open system. Despite increases in total Zn, Ni, and Cd contents that 
approach critical thresholds, it is unlikely that the increase in the bioavailable fraction is 
sufficient to stress regenerating vegetation (Figure 3.7).    
 
 
Figure 3.7: Exchangeable metals from RMNP soils compared to sensitive aquatic species 
toxicity limits. Bar color indicates tree phase and lines indicate limits for protection of drinking 
water (Zn – EPA secondary limit, Cu – MCL) and evergreen seedlings (Zn & Cd - Kahle 1993, 
Ni - Kukkola et al. 2000), with specific impairment thresholds for each metal indicated by 
horizontal lines. 
 
3.4 Conclusions 
Impacts to nutrient and biogeochemical cycles from MPB-induced tree death may 
ultimately lead to changes in metal partitioning in forest soils. The combined experimental and 
modeling results of this study demonstrate that metal mobility increases in soils under attacked 
trees and is primarily controlled by increased SOM and DOC fluxes, rather than increased fluxes 
of base cations into the soil, or changes in soil water pH. Consistent with previous observations 
(Kaňa et al. 2013; Griffin et al. 2011; Xiong et al. 2011), soil pH at both sites generally increased 
with tree death; however, differences were not statistically significant.  In contrast, soil moisture 
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increased under affected trees and soils exhibited evidence of increased wetting and drying 
cycles. In addition to accelerated organic matter decomposition that may result from increased 
soil moisture (Huxman et al. 2004), loss of forest canopy may further affect carbon cycling. 
Increased solar exposure causes not only warmer soil temperatures (Magid et al. 1999) but also 
greater photodegradation of litter (Austin 2011; Austin and Vivanco 2006). Complex changes to 
the biogeochemistry of carbon and forest hydrology may result in differences in the character 
and transport pathways of DOC.  The combined effect of these alterations likely explains trends 
in water treatment plant data which suggest that more hydrophobic DOC (i.e. fulvic and humic 
acids) is exported from infested watersheds in Colorado (Mikkelson et al. 2013b). These changes 
in DOC character and concentration persist through the late summer rather than coinciding solely 
with snowmelt flushes in the spring (Mikkelson et al. 2013b). Whereas the relationship between 
DOC character and metal complexation is inconsistent (Mikkelson et al. 2014; Croué et al. 2003; 
Van Schaik et al. 2010; Guggenberger et al. 1994), the persistence of altered DOC transport and 
quality through the late summer and observations of increased groundwater contributions to 
streamflow during this period (Bearup et al. 2014a) support the potential for altered metal 
transport during low flow periods when small changes in metal exports may be more significant.  
The influence of organic carbon on metal mobility identified in this study further emphasizes the 
importance of understanding changes to the structure and type of organic compounds, including 
organic acids, in MPB-impacted forests.   
Spatial heterogeneity commonly presents a challenge to distinguishing trends in soil 
properties from individual tree treatments (Nowack et al. 2010; Ayer and Kratochvil 1986) and 
determines the relative importance of biotic and physical processes (Austin 2011). In this study, 
the qualitative findings of the sequential extraction procedure, the variable organic matter 
content in RMNP soils (Figure 3.4), and the difference in Ni behavior between the RMNP and 
Keystone Gulch sites exemplify this challenge across tree to site scales. Adequate understanding 
of physical variability is needed to appropriately upscale these results in watershed models and to 
understand long term and regional trends in metal mobility in MPB-infested forests.  Ultimately, 
the degree of impact to the water quality in important headwater streams from the increased 
potential for metal mobilization and storage will continue to change as beetle-killed forests 
regenerate and typical forest metal and nutrient cycles are restored. 
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4.1 Groundwater in MPB-Impacted Forests 
The recent climate-exacerbated mountain pine beetle infestation in the Rocky Mountains 
of North America has resulted in tree death that is unprecedented in recorded history. The spatial 
and temporal heterogeneity inherent in insect infestation creates a complex and often 
unpredictable watershed response, influencing the primary storage and flow components of the 
hydrologic cycle.  Despite the increased vulnerability of forested ecosystems under changing 
climate (Anderegg et al. 2012), watershed-scale implications of interception, ground evaporation, 
and transpiration changes remain relatively unknown, with conflicting reports of streamflow 
perturbations across regions.  Here, contributions to streamflow are analyzed through time and 
space to investigate the potential for increased groundwater inputs resulting from hydrologic 
change after infestation. Results demonstrate that late-summer groundwater contributions from 
impacted watersheds are 30±15% greater after infestation and when compared to a neighboring 
watershed that experienced earlier and less-severe attack, albeit uncertainty propagations through 
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time and space were considerable. Water budget analysis confirms that transpiration loss 
resulting from beetle kill can account for the fractional increase in groundwater contributions to 
streams, often considered the sustainable flow fraction and critical to mountain water supplies 
and ecosystems. 
In Colorado alone, the mountain pine beetle (MPB) has impacted over 1.3 million 
hectares of pine forest (CSFS 2013).  While evapotranspiration (ET) is generally assumed to 
decrease in beetle-affected watersheds, tree death also causes competing effects on ET.  By the 
end of the first growing season following infestation, a killed pine no longer transpires(Hubbard 
et al. 2013), causing the needles to turn red (identified as “red-phase”) and begin to drop. Within 
three to four years after infestation, most trees have lost all remaining needles (“grey-phase”) 
(Wulder et al. 2006). The resultant loss of canopy cover increases fluxes of water and energy to 
the ground surface, causing changes in soil moisture dynamics and snowmelt processes 
(Biederman et al. 2014; Mikkelson et al. 2013a) that may offset the effects of reduced ET. 
Increases in soil moisture (Clow et al. 2011; Mikkelson et al. 2013a) are dependent on the net 
increase of water inputs due to losses of transpiration and canopy evaporation balanced against 
the net decrease in moisture from higher solar exposure, surface temperature and ground 
evaporation (Mikkelson et al. 2013a). The interactions among these processes are poorly 
understood across scales, highlighting the need for better quantification of net transpiration 
changes from MPB infestation at the watershed scale.   
Transpiration is commonly quantified using sap flux (Hubbard et al. 2013), eddy 
covariance (Brown et al. 2014), or energy balance formulations (Maness et al. 2013).  Each of 
these methods presents limitations.  For sap flux and energy-based approaches, upscaling stand-
scale estimates requires spatially comprehensive measurements to capture the heterogeneity of 
vegetation and local energy balances.  Eddy covariance methods provide larger-scale estimations 
of ET but are less reliable in mountain environments (Pypker et al. 2009) and do not separately 
assess evaporation and transpiration. The exceptional extent of tree death from the MPB provides 
a unique opportunity to evaluate the contribution of tree-processes to the hydrologic cycle at 
watershed scales, where water budget perturbations are complex and often combine non-
uniquely.  Here, we quantify hydrologic changes in MPB-impacted watersheds by identifying 
changes in streamflow contributions through a chemical and isotopic hydrograph separation 
analysis. 
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The importance of transpiration loss is relative to the magnitude of the other components 
of the hydrologic cycle, e.g. precipitation, snowmelt, evaporation, and soil moisture (Stednick 
1996). In the Rocky Mountains of North America, the effect of transpiration at the watershed 
scale may be most apparent during late summer, when near-surface antecedent soil moisture and 
snow inputs approach their annual minima, and the relative importance of subsurface 
contributions is greatest (Sueker et al. 2000; Clow et al. 2003). During this low-flow period, loss 
of transpiration may lead to measurable increases in recharge and groundwater contributions to 
streamflow, whereas loss of interception and increased ground evaporation would influence both 
surface and subsurface contributions to streamflow, as conceptualized in Figure 4.1.  The 
distribution of late-summer flows is not commonly studied, but may have important implications 
for water supply, water rights, impairment of riverine ecosystems, and water quality concerns, 
such as formation of disinfection byproducts in water from MPB-impacted watersheds 
(Mikkelson et al. 2013b). 
Components of the water cycle, including flow paths and water sources, can be 
investigated using chemically- and isotopically-based hydrograph separation techniques, 
including end-member mixing analysis (EMMA) (Hooper 2003). A limited number of studies 
have applied these techniques to understand flow path alterations from changes in forest cover, 
focusing on forest management practices and fire (Tetzlaff et al. 2007; Jung et al. 2009).  
Hydrologic responses to fire and logging are imperfect analogues to the response of tree die-off 
from widespread insect infestation. These disturbances likely represent the upper bound of 
hydrological perturbations. Infestation does not influence soil compaction or repellency, which 
affect runoff and recharge partitioning (Adams et al. 2012; Pugh and Gordon 2013). 
Furthermore, the spatial and temporal patterns of insect-induced tree death are more complex and 
variable across broader landscapes and longer time frames than most previously studied wildfire 
or logging events, resulting in different compensatory and scaling mechanisms with infestation 
(Adams et al. 2012). 
The only existing study utilizing hydrograph separation techniques to analyze hydrologic 
changes from bark beetle infestation analyzed large storm events, and could not distinguish 
subtle differences at high flows; however, comparing precipitation to components of the 
hydrologic cycle indicated increases in surface and groundwater runoff in infested watersheds, 
suggesting important hydrologic changes (Beudert et al. 2007).  Here, we present the first study 
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to use hydrograph separation and stable-isotope analysis to determine spatial and temporal 
alterations to late-summer streamflow from MPB-induced transpiration loss at the watershed 
scale. This work improves understanding of the interconnections between climate, forest 
perturbation, and streamflow generation in the mountain headwaters of important water supplies. 
 
 
Figure 4.1: Conceptual model of water cycle changes with MPB-induced tree death.  Under 
normal circumstances, green trees use shallow groundwater in late summer for transpiration.  
Red and grey phase trees cease transpiring, leading to higher water tables and greater water 
availability for groundwater flow to streams.  Dying trees begin to drop their needles, ultimately 
leading to a loss of interception and shading. The loss of canopy cover reduces canopy 
evaporation but also increases evaporation from the forest floor.  Unlike changes in transpiration, 
interception and shading losses impact all components of the water budget at the forest floor, 
including potential runoff and recharge.   
 
Two watersheds in Rocky Mountain National Park, Colorado, USA (RMNP) are 
compared, the Big Thompson and North Inlet (Figure 4.2). The watersheds have similar geology 
and soils, dominated by granite and biotite schist bedrock and associated alluvium, colluvium, or 
till (Braddock and Cole 1990).  The forested areas in both watersheds are dominated by 
subalpine mixed conifer forest, with more uniform lodgepole pine forests in the North Inlet 
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watershed than in the Big Thompson (U.S. National Park Service 2006).  MPB infestation in 
North Inlet began in 2004, approximately 2 years earlier than in the Big Thompson (Table B-1) 
with no significant new infested area (≤0.01% watershed area) since 2009, while the Big 
Thompson continued to experience new infestation from 2006 through 2011. The differing 
timeline of infestation may be attributed to the watersheds’ locations on opposite sides of the 
Continental Divide (Figure 4.2); annual aerial survey maps document MPB infestation moving 
west to east across the Colorado Rocky Mountains between 2007 and 2009 (CSFS 2013).  
 
 
Figure 4.2: Map of Rocky Mountain National Park and sampling sites in the Big Thompson (BT) 
and North Inlet (NI) watersheds. MPB impacted area denotes cumulative impacts through 2012.  
By the end of the study period, over 30% of the Big Thompson watershed experienced MPB 
infestation while the North Inlet watershed was less impacted with no new infestation. Relief 
map based on the National Elevation Dataset (NED) available at 
http://nationalmap.gov/viewer.html. 
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Precipitation, mostly in the form of snow, generally increases with elevation.  Snowfall in 
2012 was similar in both watersheds, with a watershed average April 1 snow water equivalent 
(SWE) of 12.56cm in the Big Thompson and 12.96cm in the North Inlet (National Operational 
Hydrologic Remote Sensing Center 2004). This paired watershed approach provides a 
comparison of two watersheds that experienced different MPB impact but similar weather in 
2012. Fortuitously, a similar study14 was conducted in the Big Thompson study area in 1994, 
which provided a unique opportunity to analyze data representative of hydrologic behavior prior 
to infestation (see Appendix B Section 1.2 for interannual and interwatershed weather 
comparisons).  This temporal analysis also controls for spatial variability in a way that the paired 
watershed approach cannot. The combined spatial and temporal approach provides unique 
perspective to make traditionally challenging comparisons.  
As detailed in the Methods and Appendix B, a three-component hydrograph separation 
analysis using rain, snow, and groundwater identified differences in subsurface contributions to 
streamflow compared spatially and temporally. Sufficient groundwater records were not 
available to identify changes in groundwater storage directly.  As depicted in Figure 4.3, the Big 
Thompson experienced a higher fraction of late-summer groundwater contributions to 
streamflow following several years of MPB-caused tree mortality (2012), than prior to 
infestation (1994).  Spatial comparison for 2012 also found higher groundwater contributions to 
streamflow in the Big Thompson than in the North Inlet, where tree mortality was less 
widespread and less recent. Sensitivity analysis of the end-members identified two methods of 
quantifying the groundwater end-member that provided the largest range of possible 
groundwater contributions, including (1) shallow groundwater samples collected biweekly (i.e. 
the time-varying groundwater end-member) and (2) average pre-melt baseflow samples (i.e. the 
constant groundwater end-member). Based on these methods, the 2012 Big Thompson mean 
fractional groundwater contribution ranged from 0.47 to 0.56±0.11, compared to 0.18±0.08 in 
1994 and 0.30±0.04 in the North Inlet (Figure 4.3).  The constant groundwater end-member 
approach is consistent with the 1994 study methodology and is used for further temporal 
comparisons unless otherwise noted. Both temporal and spatial analyses found greater fractional 
groundwater contributions to streams in watersheds where MPB impact was greater. While end-
member compositions naturally vary due to differences in spatial characteristics such as 
elevation and subsurface heterogeneity or isotopic processes related to interception and 
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snowmelt (Table B-3), an in-depth uncertainty analysis (described in Section 4.3 of Appendix B) 
reveals that significant differences between watersheds are still observed by the end of July 
(Figure 4.3d, Figure B-14a), when the signal from transpiration may be expected to increase 
relative to that from snowmelt runoff. 
 
 
Figure 4.3: Contributions of rain (navy), snow (cyan) and groundwater (orange) to streamflow in 
(a) Big Thompson, 2012; (b) North Inlet, 2012; and (c) Big Thompson, 1994. Groundwater 
contributions are greatest in plot (a) and compared spatially and temporally in plot (d), including 
propagated uncertainty in the 2012 estimates (grey shading). The Big Thompson 2012 
groundwater fractions in (a) and (d) use the time-varying groundwater end-member while the 
dashed line represents the constant groundwater end-member. The 1994 methodology is 
consistent with the dashed line of the 2012 Big Thompson study, while the solid line is 
consistent with the North Inlet study. 
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Temporally, our data reveal greater fractions of groundwater in streams after infestation. 
As seen in Figure 4.4, the fractional contribution of groundwater to streamflow translates to 
consistently higher groundwater-generated stream fluxes, despite interannual differences in 
snowfall and consequently higher stream discharge in 1994 than 2012. On average, groundwater 
fractions remain higher after infestation, even when bounding the analysis with the simplifying 
assumption that interannual differences in SWE translate directly to less streamflow and higher 
fractional groundwater contributions compared to 1994 (see Section 4.3 of Appendix B). 
Spatially, the late-summer groundwater inputs increase nonlinearly as the area infested by MPB 
increases (Figure 4.3).  
 
 
Figure 4.4: Hydrograph separations presented as partitioning of the total daily stream discharge 
(in mm; full bar height) for the 1994 (black) and 2012 (grey) seasons. Groundwater discharges to 
streamflow are denoted by the hashed portion of each bar (1994, diagonally and 2012 
horizontally) and were determined using the time-varying groundwater end-member.  
Overlapped shading in 2012 depicts the additional contribution determined from the sensitivity 
analysis and the time-varying groundwater end-member. Total annual flow partitioning indicates 
increased groundwater discharge to streams in 2012 despite higher total flows in 1994.  Column 
spacing is based on stream sampling frequency. 
 
In addition to affecting a larger area in the Big Thompson watershed, the infestation is 
more recent, and may still include trees in the red and grey stages. The North Inlet drainage was 
impacted earlier and is experiencing regrowth (Figure B-16). Young pines may exhibit higher 
rates of ET than older, larger, pines that are limited by hydraulic conductance (Hubbard et al. 
1999) and preferentially killed by the MPB. In a nearby forest, new recruits (<3 years old) were 
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found on half of the unharvested experimental plots 7 years after the onset of infestation with a 
greater density of seedlings than killed trees (Collins et al. 2011). This potential for a 
compensatory response in the North Inlet from remaining and regenerating vegetation partially 
offsets the loss of transpiration from the dead pines and may explain the observed nonlinear 
relationship between impacted area and fractional change in groundwater contribution. Similarly, 
insignificant increases in nitrogen fluxes have been attributed to regeneration in impacted 
watersheds (Rhoades et al. 2013). The inherent challenges of paired watershed approaches, 
including spatial variability of forest structure and shallow and deep subsurface connectivity may 
also contribute to the disproportionate effects on groundwater between these watersheds. 
Whereas young lodgepole pines may form taproots (Knight et al. 1985), understory growth and 
seedlings have shallower root systems that are unable to take up water from the same depth as 
mature trees. These differences cause variation in water use within and among stands of trees of 
different ages or species composition, leading to complex responses in subsurface contributions 
that are not distinguishable in this model. 
 The magnitude and consistency of increased groundwater contributions to streamflow 
point to a watershed disturbance responsible for changing streamflow generation processes that 
outweighs interannual climate variability and spatial heterogeneity.  The difference between the 
fractions of streamflow generated from groundwater in 1994 and 2012 ranges from 0.20-0.45 
across the sampling period. This difference corresponds to 0.05-0.45m3/s of additional flow 
attributed to groundwater or an additional flux of 0.18-1.28 mm/day across the MPB-impacted 
area, when considering the Big Thompson watershed in a simplified water budget.  Similar 
spatial comparisons between the Big Thompson and North Inlet indicate that the increase in the 
groundwater fraction to the Big Thompson is between 0.062-0.52, corresponding to an additional 
0.28-0.84 mm/day. The magnitude of these increases is comparable to expected transpiration 
losses calculated using different approximations and upscaling methods of ET. Sap flux 
measurements indicate a single lodgepole pine (average diameter=24cm) transpires a relatively 
constant 16 L/day in late summer (Hubbard et al. 2013). Uniformly upscaling these sap flux 
measurements to the watershed scale suggests 30-54% of trees within the impacted area would 
need to be killed to achieve the mean observed additional groundwater flux to the stream (Figure 
4.5a). Aerial survey data indicate 2-45% of trees are killed annually in the MPB-affected areas 
across the Big Thompson watershed (CSFS 2013).  Potometers estimate a mature lodgepole 
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stand can transpire 3.4 mm/day (Knight et al. 1985), suggesting up to 41% of trees in the 
impacted area are killed. ET estimates based on MODIS data (Maness et al. 2013) suggests that 
45-80% of trees within the impacted area have been killed (Figure 4.5a), although the offsetting 
effects of increased evaporation may cause overestimation of tree kill (Figure 4.5a).  
 
Figure 4.5: Watershed ET changes from increased groundwater contributions in a simplified 
water budget. Assumed fluxes from transpiration loss are compared to (a) the net percentage of 
trees killed within MPB-impacted areas (hatching) that accounts for calculated flux changes 
(dashed lines), using Sap Flux (Hubbard et al. 2013) and MODIS (Maness et al. 2013) estimates; 
and (b) seasonal flux trends (T=temporal control with time-varying groundwater end-member; 
C=temporal control with constant baseflow end-member (EM); S=spatial control with time-
varying groundwater end-members) compared to hillslope-scale models (Mikkelson et al. 
2013c).  Figure (a) assumes 1000 trees/ha (Sibold et al. 2007) (grey shading indicates ±5%) tree 
density. In figure (b), modeling assumes all trees are either red or grey, bounding the shaded 
region. 
 
The seasonal trends in the increased groundwater fluxes are consistent with hillslope-
scale integrated model results of ET changes in beetle impacted forests (Mikkelson et al. 2013c) 
(Figure 4.5b).  In August and September, fluxes from the spatial and temporal comparisons begin 
to converge and show consistent decreasing trends, suggesting that the effects of MPB-induced 
mortality on transpiration in the late summer exceed those related to meteorological and 
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geographical differences. The observed decreasing trends in the differential fluxes are likely due 
to an ET decrease in the fall, as energy limitations become influential (Mikkelson et al. 2013c).   
Here, we connect climate-exacerbated insect infestation and the subsequent watershed-
scale transpiration loss to late-summer streamflow generation processes. Both the paired 
watershed and temporal comparisons indicate the potential for increased groundwater 
contributions to streamflow after infestation. Our combined approach provides spatial and 
temporal controls on inherently challenging field heterogeneities that may only be improved by 
numerical modeling of flow paths in impacted watersheds.  In RMNP, new regeneration and 
continued growth of the remaining vegetation appear to offset this loss of transpiration within 
approximately 8 years after the onset of infestation. Ultimately, understanding these changes in 
streamflow generation provides needed insight for water resource management in MPB-infested 
watersheds and for changing forested landscapes throughout the region. 
4.2 Methods  
MPB-impacted area was quantified based on U.S. Forest Service aerial survey data 
(CSFS 2013) and includes all species killed by the MPB (i.e. lodgepole pine, ponderosa pine, 
and limber pine).  Total area affected was determined by summing the annually impacted areas 
through 2012 and omitting overlapping area. We were not able to evaluate the distribution of 
sizes, ages, and species of pines and other forest vegetation in the two watersheds.  Precipitation, 
snow, groundwater, and stream water samples were collected during the late summer of 2012 
throughout RMNP (Figure 4.2).  Precipitation isotope samples were collected in polycarbonate 
rain gauges, using mineral oil to prevent evaporation.  Sampling occurred weekly to biweekly 
from July through October, depending on rain events.  Precipitation chemistry was available 
through the National Atmospheric Deposition Program (NADP) and National Trends Network 
(NTN) using weekly averaged data at the Beaver Meadows site.  Snow isotopic compositions 
were obtained from a snow pit sampled near peak snow accumulation in early April 2012.  The 
site was selected to be outside of the drip line of surrounding trees, and protected from radiation 
and wind exposure. Samples were taken every 10cm using a snow density cutter and the average 
snow pack isotopic composition was used for subsequent analysis.  Bulk snow chemistry was 
provided at the site through the USGS Rocky Mountain Regional Snowpack Chemistry 
Monitoring Study (available at http://co.water.usgs.gov/projects/RM_snowpack/html/data.html).  
Shallow (~1m deep) groundwater wells from a wetland and riparian monitoring study that 
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maintained flow through the season were selected to characterize the shallow groundwater 
contribution to adjacent streams.  Samples were collected approximately biweekly from July 
through the end of October.  Isotopic composition of the shallow groundwater near North Inlet 
was compared to a nearby water well and found to be indistinguishable, suggesting good 
agreement with the groundwater fingerprint, despite possible hyporheic zone mixing.  Stream 
water isotope and chemistry samples were collected weekly to biweekly and were analyzed using 
standard USGS methods (Fishman 1993). 2012 ∂18O samples were analyzed at the Colorado 
School of Mines stable isotope laboratory.  Stream and snow samples were analyzed at the 
USGS research laboratory in Boulder, Colorado. Shallow groundwater chemistry was analyzed 
at Colorado School of Mines in Golden, Colorado.   
The three-component hydrograph separation utilizes ∂18O compositions and electrical 
conductivity (EC) and assumes streamflow contributions from rain, snow, and groundwater, 
consistent with Sueker et al (Sueker et al. 2000).  The resulting set of equations used to describe 
end-member contributions to streamflow is: 
   !!!×!!"! = !! !×!!"! + !!!×!!"! + !!!×!!"!   (1) 
      !!!×!!!"!! = !! !×!!!"!! + !!!×!!!"!! + !!!×!!!"!!   (2) 
   !! = !! + !! + !!      (3) 
where Q denotes flow, EC is electrical conductivity (µS/cm), ∂18O is stable isotope composition 
(‰), and the subscripts s, r, n, and g, represent stream, rain, snow, and groundwater respectively. 
Using the mass balance based on flow, the equations can be rearranged to calculate the fraction 
of stream water that each end-member contributes to streamflow.  This approach also facilitates 
comparisons between watersheds and seasons, inherently accounting for differences in total 
flow.  Full end-member mixing analysis (EMMA) (Hooper 2003) confirmed that three end-
members are appropriate to describe the variability in the 2012 Big Thompson stream water 
chemistry.  Hydrograph separations performed using the EMMA projections are comparable to 
those using ∂18O and EC to define the end-members.  The reduction of required chemistry 
parameters is useful to compare different datasets through time and space (see SI Section 2). 
 Spatially, two watersheds, as described previously, provide information on the response 
of stream contributions based on the timing and extent of outbreak.  Temporally, the data 
collected in this study were compared to hydrograph separations performed using data from a 
previous study in the Big Thompson watershed in 1994, prior to infestation (Sueker et al. 2000). 
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The primary methodological difference between the 1994 study and this study is the use of a 
constant groundwater end-member in 1994, determined based on pre-melt baseflow stream 
concentrations. While nearby springs agreed well with baseflow concentrations for small 
watersheds, the use of this method may underestimate groundwater contributions, particularly 
during snowmelt (Sueker et al. 2000).  For comparison, the temporal analysis was repeated with 
a constant baseflow end-member for the 2012 season (see SI Section 4.3). NADP data were used 
to provide 1994 precipitation EC data and to be consistent with the 2012 analyses.   All other 
data were taken from the published study (Sueker et al. 2000). Uncertainty analysis was 
performed using estimates of uncertainty and variability for each tracer/end-member 
combination and propagating that error through the hydrograph separation equations using first 
order Taylor expansion (see SI Section 4.3). 
 The differences in the subsurface derived fraction from the spatial and temporal analyses 
were multiplied by total streamflow measured at the time of sampling to estimate an increased 
groundwater flow to the stream.  The change in flow was distributed over the MPB-impacted 
area in the Big Thompson watershed to estimate a flux.  The flux was used to compare the 
increased groundwater contributions to traditional estimates of ET.  This simplified water budget 
approach assumes a total tree density of 1000 trees/ha, consistent with previous observations 
near Cub Lake in the Big Thompson watershed (Sibold et al. 2007). 
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CHAPTER 5 
A PARTICLE TRACKING APPROACH TO UNDERSTANDING HILLSLOPE  
RESPONSE TO CHANGING LANDCOVER 
 
Modified from a manuscript in preparation for publication 
 
Abstract  
Current understanding of streamflow generation in mountain watersheds is often limited by the 
inherent assumptions of field and modeling techniques, particularly when applied to complex 
changes in hydrologic cycling associated with land cover change.  Here, a hillslope model with 
fully integrated processes from the subsurface through the land surface is combined with a 
Lagrangian particle tracking approach that follows parcels of water through the surface and 
subsurface domains. This approach was developed to compare to existing field analysis of the 
changes in streamflow generation from widespread insect infestation in the Rocky Mountains of 
North America.  Model results are consistent with field observations of changes in streamflow 
contributions; most notably, the fraction of streamflow derived from groundwater increased in 
both the modeled hillslope and field study. The model results also provide process-level 
understanding that supports conceptual models of mixing within groundwater end-members and 
delays between annual inputs of precipitation and the corresponding streamflow composition. 
Modeled long-term responses to land cover change suggest that greater water availability 
associated with tree death may result in shorter tailing and thus less memory of the disturbance.  
The slope of the tails, however, was not impacted by land cover disturbance and is likely a 
function of subsurface or topographical properties. Ultimately, this study provides both insight 
into current field observations as well as a platform for more complex simulations of 
perturbations to streamflow generating processes. 
5.1 Introduction 
The role of groundwater in current conceptual models of run-off and streamflow 
generation processes in mountain watersheds has become increasingly recognized as an 
important driver of hydrochemical signatures in streams, even during snowmelt periods (Liu et 
al. 2008; Frisbee et al. 2012). Despite decades of chemical and isotopic hydrograph separations 
and numerical models, multiple explanations exist for streamflow generation processes across 
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scales (McGuire and McDonnell 2006; McDonnell et al. 2010; Frisbee et al. 2012). In addition, 
mixing of waters with different ages and sources within separation end-members still 
complicates separation techniques (Klaus and McDonnell 2013). These challenges highlight the 
need to capture physical processes to accurately describe and predict groundwater and surface 
water contributions to streamflow. Previous studies identify some of the important processes 
controlling flow paths and sources of streamflow generation, including interactions between 
subsurface and surface-water (Liu et al. 2008; Jones et al. 2006), vadose zone transport (Engdahl 
and Maxwell in review), terrain (McGuire et al. 2005) and land cover and meteorological forcing 
(Roa-García et al. 2011; Sayama and McDonnell 2009). Process-based understanding is 
particularly important in sensitive mountain headwater systems that are increasingly adapting to 
perturbations such as changes in climate and land cover. 
Despite the potential implications of changing residence times and flow paths for water 
supply and quality, predicting the memory of perturbations in the hydrologic system is still a 
challenge. In addition to commonly used age distributions, different approaches have been used 
to numerically separate streamflow hydrographs into different source waters, including transfer 
and response functions (Long 2009; Roa-García and Weiler 2010; Weiler et al. 2003), physically 
based models (Van der Hoven et al. 2002; Jones et al. 2006; McGuire et al. 2007; Kollet and 
Maxwell 2008; Sayama and McDonnell 2009; Meyerhoff and Maxwell 2011), and particle 
tracking approaches (Davies et al. 2011; Engdahl and Maxwell in review).  Despite the utility of 
each approach for specific applications, when dealing with complex systems that are 
experiencing change, parameterized approaches may not adequately capture the physical 
processes that govern streamflow contributions and timing.  Often interrelated, climate and land 
cover change increasingly threaten sensitive mountain systems (e.g. Singleton and Moran 2010; 
Roa-García and Weiler 2010; Engdahl and Maxwell in review).  Models of land use change in 
mountain environments indicate that land cover influences travel time and residence time 
distributions over both short and long times scales, in contrast to characteristics of individual 
events or antecedent soil moisture conditions, which had shorter periods of influence; however, 
the importance of vegetation and evapotranspiration in travel time distributions was inferred 
from closure of the combined travel time distributions (Roa-García et al. 2011).  Meteorological 
forcing is also an important control on mean residence times and subsurface contributing areas 
(Sayama and McDonnell 2009). In the event of land cover change, loss of vegetation cover can 
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effectively alter the precipitation and energy fluxes to the ground surface.  In the context of 
streamflow contributions, the importance of groundwater and the challenges in adequately 
capturing the memory of perturbations to hydrologic systems highlight the need for approaches 
that directly capture important land surface processes under different scenarios of land cover 
change. Few existing studies physically simulate chemical hydrograph separations directly (eg. 
McGuire et al. 2007), and none to our knowledge have separately considered snow and rain 
dynamics. 
In this study, we use an integrated hydrologic model combined with a Lagrangian particle 
tracking approach to investigate land cover change resulting from a climate-exacerbated insect 
infestation (Dendroctonus ponderosae, mountain pine beetle, MPB) in the Rocky Mountains of 
Colorado.  Widespread tree death over millions of hectares of pine forests in the western United 
States and Canada not only results in the loss of transpiration but also a change in the energy 
budget to the land surface (as reviewed by Mikkelson et al. 2013a).  By using a physically-based, 
integrated surface water-groundwater model, coupled to a land surface model, evapotranspiration 
and changes to the land surface energy budget are modeled directly. Mikkelson et al (2013c) 
applied this approach to a forested hillslope and identified changes in evapotranspiration and 
snow accumulation and melt, leading to changes in runoff. Penn (2014)  also used this model for 
an impacted watershed and found that the hillslope-scale response may be muted by the interplay 
between increased evaporation from loss of canopy shading and decreased transpiration, as well 
as by influences of unimpacted alpine areas in the model. The interplay between evaporation and 
transpiration can also impact how water gets to the stream. Recent chemical and isotopic 
hydrograph separations in a beetle impacted forest identified greater fractions of groundwater in 
streamflow of more impacted watersheds (Bearup et al. 2014a). This field-based evidence of 
altered contributions to streamflow with land cover change motivate a conceptual model of 
altered flow paths and mixing processes resulting from the differences in land surface processes 
(Figure 5.1). In particular, as trees die and transpiration is lost, the availability of water in the 
subsurface increases, whereas when canopy cover is lost and ground evaporation increases, the 
potential for surface water flow decreases. These primary hydrologic changes with tree death 
may result in higher water tables, resultantly shorter vadose zone travel times, and ultimately 
impact the mix of groundwater sources and age distributions in nearby streams. Furthermore, the 
complex interactions between different processes and different ecosystem types suggest that bulk 
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hydrologic parameters such as peak streamflow and water yield, do not fully represent the 
changes occurring in flow paths and residence times.  Particle tracking allows a more direct look 
into these complex systems by using the pressure fields from the hydrologic model to drive the 
particle tracking simulations through both the surface and subsurface systems (de Rooij et al. 
2013). In this work, we novelly capture these complex elements of mixing explicitly in a 
physically-based manner.  This approach also demonstrates the same alterations to mixing as 
field-based observations and provides a numerical embodiment of the conceptual model of these 
processes. Fundamentally, this study moves toward a better understanding of flow and transport 
under changing land cover scenarios and the memory of such perturbations in impacted 
watersheds. 
5.2 Methodology 
5.2.1 Integrated surface/subsurface flow model with land surface processes and particle 
tracking 
In this work, two sets of model scenarios of a Rocky Mountain hillslope (see Mikkelson 
et al 2013b for more details) are used to further investigate the impact of land cover change on 
flow pathways. The first set of simulations is run at steady state to understand bulk difference in 
hillslope behavior with changes in water inputs (precipitation minus evaporation), representative 
of living trees and beetle killed trees over longer timescales. The model used for these 
simulations is ParFlow, a parallel, integrated hydrology model. ParFlow fully integrates variably 
saturated subsurface flow with overland flow.  A summary of the primary governing equations is 
included here; for more details see Ashby and Falgout (1996), Jones and Woodward (2001), and 
Kollet and Maxwell (2006). Variably saturated groundwater flow is calculated using Richard’s 
equation as:  
     (1) 
with flow (q) based on the Darcy-Buckingham equation: 
     (2) 
where ψP is the subsurface pressure head (L), z is the depth below surface (L), KS(x) is the 
saturated hydraulic conductivity (L T−1), kr is the relative permeability (–), Ss is the specific 
storage coefficient (L−1), Sw is the relative saturation (–), ϕ is porosity (–), and qs is a source/sink 
SSSw
∂ψP
∂t
+φ
∂Sw (ψP )
∂t
=∇⋅q+ qs
q = −KS (x)kr (ψP )∇(ψP − z)
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term (T−1). To include overland flow, the subsurface flow equations are integrated with the 
kinematic wave equation, maintaining continuity of pressure and flux at the surface boundary: 
q =
∂ ψ, 0
∂t
−∇⋅ ψ, 0 v+ qr (x)      (3) 
where v is the depth-averaged surface water velocity (L T−1), ψ is the surface ponding depth 
which is assumed to be equal to the pressure head (ψP) at the surface under saturated conditions 
(L) and is greater than 0, and qr(x) is the source sink rate (L T−1). Flow depth-discharge 
relationships are governed by Manning’s equation. 
The second set of simulations looks deeper into seasonal and complex land cover changes 
using transient simulations that employ the Common Land Model (CLM), a land surface model 
that captures land surface fluxes (Dai et al. 2003; Maxwell and Miller 2005). CLM also 
incorporates vegetation processes, which can be altered to describe tree death. Here, tree death 
was modeled by reducing the leaf area index and stomatal conductance used to calculate 
evapotranspiration (Kollet 2009; Mikkelson et al. 2013a), consistent with the methodology in 
Penn (2014).  
Particle tracking was performed using the Lagrangian code SLIM-FAST, recently 
modified to track particles through the surface and subsurface domains (de Rooij et al. 2013). 
Particle transfers from the two-dimensional surface domain to three-dimensional subsurface (i.e. 
infiltration) are determined probabilistically based on the mass balance of flow along a particle’s 
pathline. A particle can also return to the surface from the subsurface based on the flow path in 
three dimensions. Consistent with the no-flow boundary conditions of the groundwater domain, 
particles leave the system as surface water at the bottom of the hillslope. The flexibility of 
particle application in distinct flow domains in this version provides the ability to model different 
mixing components. Simulations were designed with increasing complexity including 1) simpler 
steady state scenarios that clearly identify flow processes; 2) simplified transient simulations that 
identify long-term hillslope behavior; and 3) complex transient simulations that capture 
interactions between existing groundwater, rain, and snow inputs that are timed with the 
precipitation forcings of the land surface model (Figure 5.1). Each simulation was run for both 
land cover scenarios. Subsequent sections describe the six resulting simulations in further detail. 
While SLIM-FAST has been used to model groundwater age (Kollet and Maxwell 2008; 
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Engdahl and Maxwell in review) and radioisotopes (Maxwell et al. 2009) this is the first 
application that captures mixing processes of rain, snow, and groundwater specifically.  
 
Figure 5.1: Conceptual model of outflow generation and flow pathways modeled with increasing 
complexity. Steady state scenarios incorporate constant P-E forcings that differ based on land 
cover scenario.  Particles are introduced as annual pulses of surface particles.  Transient 
hydrologic simulations use a fully couple land surface model to capture the loss of interception 
and transpiration with tree death. Long-term transient simulations provide an intermediate 
scenario consistent with the upper seasonal transient scenario at the time surface particles are 
introduced as annual peak snowpack. The seasonal transient scenario focuses on a single year 
from May 1 to September 30th and introduces particles separately as snowmelt and rain, 
concurrent with 8 large rain events extracted from the forcings during this period. 
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5.2.2 Domain setup 
Simulations were performed on a three dimensional (500m x 1000m x 12.5m) hillslope 
with the properties described in Table 5.1. The subsurface hydraulic conductivity used in this 
model was homogeneous, affectively simulating two dimensions, but set up to provide flexibility 
for the future addition of complexity.  This domain was designed to mimic the hillslope at 8% 
slope used in Mikkelson et al. (2013c), but is more resolved in the y-dimension and does not use 
the terrain following grid features of ParFlow. Whereas Mikkelson et al. (2013c) found the 
greatest hydrologic changes from disturbance for the lower (1%) slope scenario, a steeper slope 
is more realistic of mountain pine beetle impacted terrain. Subsurface properties were also 
consistent with the Mikkelson model and representative of typical sandy clay loam soils. 
 
Table 5.1: Model Setup and Parameters 
Parameter Value Units 
Domain Size (x, y, z) (500, 1000, 12.5) m 
Cell Discretization (x, y, z) (100, 100, 0.5) m 
Number of Cells (x, y, z) (5, 10, 25) (-) 
Hydraulic Conductivity 0.1 m/hr 
Porosity 0.39 (-) 
Van Genuchten Parameters (α,n) (3.5, 2.0) (1/m, -) 
Residual Saturation  0.01 (-) 
Specific Storage  1.0E-6 1/m 
Surface and Subsurface Slope 0.08 m/m 
 
5.2.3 Steady state flow scenarios for living and dead forests  
Steady state simulations include two net precipitation (precipitation minus 
evapotranspiration, or P-E) scenarios: 125 mm/yr and 250 mm/yr, representative of living and 
beetle-killed trees, respectively, as determined by the hillslope simulations of Mikkelson et al. 
(2013c). In this work, modeled hillslopes are uniformly covered with either beetle-killed trees, 
referred to as grey scenarios, or with healthy living trees, referred to as green scenarios. The 
difference between these scenarios represents the maximum expected changes, although in 
reality vegetation distributions are more complex. Both P-E scenarios were initialized for 25 
years and particles were applied to the pressure field from the final year.  Particle simulations 
were run on steady-state flow fields, ensuring particles had adequate time to move through the 
domain (200 years) by repeating the pressure fields from the last year of the ParFlow 
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simulations. To identify the mix of existing groundwater with subsequent years of precipitation 
(Figure 5.1), 25,000 particles were initially started in the subsurface and an additional 12,500 
particles were added on the surface as precipitation at the start of each year. Annual pulses are 
representative of snowmelt in high mountain systems and can be used to diagnose when 
snowmelt from each year leaves the domain. An adaptive bandwidth kernal density estimator 
(KDE) was applied to the groundwater particle breakthrough curve to smooth the estimates and 
ensure responses between the living and dead simulations are distinct from the noise inherent in 
particle tracking approaches (Pedretti and Fernàndez-Garcia 2013). The KDE reduces the 
number of particles needed in each domain and allows for dual domain simulations that are less 
computationally expensive. For the fractional separations, particle fractions were binned through 
time using logarithmic binning in order to identify trends. 
5.2.4 Transient scenarios with coupled surface processes 
Transient simulations were spun up for 25 years using P-E of 200 mm/yr to ensure 
initially stable groundwater levels.  The annual meteorological forcing used in these simulations 
is consistent with Mikkelson et al (2013c) for 1 September 2007 to 31 August 2008 near 
Breckenridge, CO, and represents typical annual precipitation for this area. The forcing was 
applied for three years and the last year was used for analysis of both long-term and seasonal 
trends in hillslope outflow. To represent living and dead trees, the stomatal resistance and leaf 
area index were modified consistent with previous MPB studies that use ParFlow (Mikkelson et 
al. 2013c; Penn 2014). Long-term particle simulations were run for 100 years. Particles were 
applied as groundwater at the start of the simulations (total particles =25,000) and scaled relative 
to the existing subsurface storage at the start of the grey and green simulations. Annual pulses of 
particles (an input of 12,500 new particles each year) were applied annually on the day of peak 
snowpack for five years and scaled by the peak snow water equivalent (SWE) for each land 
cover scenario.  
Seasonal transient scenarios were used to simulate 1 May to 30 Sept. This time period 
captures the dynamic snowmelt period through the hydrograph recession and late-summer low 
flow period when changes in groundwater contributions were observed (Bearup et al. 2014a). 
Similar to the long-term models, groundwater particles (total particles =200,000) were applied at 
the start of the simulation. Particles representing peak snow pack (total particles=200,000) were 
applied on the date of peak SWE.  In the green scenario, the model identified the date of peak 
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SWE as May 19 (hour 432); peak SWE in the grey scenario occurred more than two days earlier 
on May 16 (hour 375). Particles were applied as rain (total particles=200,000) over 8 rain events 
occurring from 6 June to 15 August (hours 866 to 2561) and ranging in magnitude of P-E for the 
grey scenario from 1,162 m3/2 hrs (starting at hour 866) to 18,601 m3/47 hrs (starting at hour 
2561) and from 1,072 m3/2 hrs (starting at hour 866) to 15,527 m3/47 hrs (starting at hour 2561) 
for the green scenario.  
5.3 Results & Discussion 
5.3.1 Steady state flow scenarios for living and dead forests 
 Particle tracking simulations under steady state conditions provide insight into the 
conceptual model of flow leaving a hillslope.  The constant precipitation based on P-E results 
from Mikkelson et al (2013c) was too low to generate surface flow over the whole domain, but 
surface outflow developed at the bottom of the hillslope, conceptually representing a topographic 
break and flow entering a channel (Figure 5.1).  As a result, groundwater was consistently the 
primary source of water leaving the domain and precipitation inputs were secondary but 
increasing with time and each annual pulse of particles representing precipitation.  Without 
hydrodynamic dispersion, driven either by subsurface heterogeneity or prescribed diffusion, 
precipitation inputs do not mix with existing groundwater upslope in the domain, but essentially 
cascade down the hillslope at the top of the water table after infiltrating through the vadose zone. 
Particles then mix at the hillslope outlet, effectively integrating the macro-dispersion from large 
scale flow paths across the hillslope topography. Despite the absence of micro-dispersion or 
diffusion, and the relatively rapid response to precipitation, particle simulations indicate that the 
water leaving the domain contains water sourced from rain events over multiple years as well as 
water that started the simulation as groundwater. This concept is illustrated in Figure 5.2, and 
becomes particularly apparent when considering the fraction of water derived for each source for 
a given time when particles are still active in the domain (i.e. before approximately 3x105 hours, 
or 34 years). The long time periods of mixed hillslope outputs suggest that topography and 
precipitation alone can result in complex signatures in groundwater inputs over significant time 
periods. 
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Figure 5.2: Cumulative existing groundwater (orange circles) and annual precipitation (blue 
numbers) leaving the domain relative to total domain outflow for the steady state grey scenario.  
Precipitation is introduced at the start of each of the first five years (1-5) and scaled relative to 
peak SWE.  
 
The increase in net precipitation from the living to dead tree cover scenario is directly 
reflected as a 99.8% increase in annual overland flow leaving the hillslope (as determined by the 
coupled model). The linearity of this response is consistent with steady state conditions.  In 
addition to higher total outflows, the subsurface storage in the dead tree scenario is nonlinear and 
increases by 22% relative to the living scenario and results in a higher water table under the 
beetle-killed hillslope.  This combination of increased outflow and storage in the grey scenario 
nonlinearly influences the residence times and flow paths through the hillslope and is captured in 
the results of the particle tracking simulations. The distribution of groundwater particles leaving 
the domain shifts between the living and dead land cover scenarios. As seen in Figure 5.3, 
initially, more groundwater is exiting the hillslope under the dead-tree scenario.  After 
approximately 6 years, oscillations and the convergence of the two scenarios cause multiple 
cross over points until approximately 20 years into the simulation, when the tails become 
distinct. Late time tails indicate that the groundwater initially present at the start of the 
simulation will be held in the system longer in healthy forests than in dead forests.  Dead forests 
may therefore have a slightly shorter hydrologic memory. Although the timing differs, the slopes 
of the tailed portions are indistinguishable, suggesting meteorological and land cover drivers 
may control the timing of the tails but not the slope. In contrast, the gradient at late times is 
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likely controlled by topographical features of the domain that are consistent between simulations, 
most notably the 8% surface slope. Additional tailing may occur in heterogeneous domains; 
however, earlier studies have identified the potential for the appropriate application of an 
effective or average conductivity, provided the topography is consistent (Meyerhoff et al. 2014). 
Heterogeneity is also not included in this work in order to highlight the differences from land 
cover perturbation. 
 
 
Figure 5.3: Breakthrough curves of groundwater particles leaving the domain as surface water 
for green, living trees (triangles) and grey, dead trees (’s), normalized to the total number of 
particles leaving the domain during the model run. KDE approximations are provided as solid 
lines for the green (solid) and grey (dashed) scenarios. 
 
Running the model in reverse, particles are traced from the bottom of the hillslope back 
to the original recharge locations and the time spent along each flow path is recorded. As seen in 
Figure 5.4, the resulting particle age distributions display consistent trends with groundwater 
breakthrough curves in Figure 5.3.  The composite particle age distributions are shifted toward 
shorter timescales in the beetle-killed recharge scenario. The composite age distribution 
combines the age of the particles in three flow domains, including surface, vadose zone, and 
saturated groundwater flow. This result is consistent with the watershed scale model results of 
Engdahl and Maxwell (in review), which displayed shorter residence times under conditions of 
higher precipitation and attributed these differences primarily to time spent in the vadose zone. 
In this steady state, homogeneous hillslope model, however, differences are also apparent in the 
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age distribution of saturated groundwater. Age distributions in the vadose zone directly reflect 
the discrete vadose zone thicknesses of the hillslope and thus are not continuous.  Regardless, the 
predominance of younger water in the grey relative to the green P-E scenario is also apparent in 
the vadose zone. The trends in the shape of the composite distributions appear to be controlled 
by groundwater ages in this simplified domain, further highlighting the importance of 
topographical controls on late-time hillslope flow behavior.  
 
 
Figure 5.4: Probability density curves of particle age distributions from steady state backward in 
time particle tracking simulations of a hillslope with living pine (green) and beetle-killed (grey) 
land cover. Solid lines represent composite age distributions; dashed lines are saturated 
groundwater age distributions, and bars indicate vadose zone probability densities. 
 
 The model results, normalized at each time step, are also useful to interpret distinct field 
sampling events, typical of many field based end-member mixing or hydrograph separation 
techniques. As seen in Figure 5.5, at early times after infestation, hydrograph separations are 
likely to exhibit higher old groundwater fractions from beetle-killed forests. Bearup et al (2014a) 
also observed similar trends of higher groundwater contributions from beetle-killed watersheds 
using chemical and isotopic hydrograph separation techniques.  As simulation time progresses 
and additional snowmelt seasons are applied to the hillslope, a higher fraction of old 
groundwater is flushed from the green hillslope as a result of the increased precipitation signal in 
outflow from the grey hillslope.  This transition occurs approximately four months into the 
simulation, when precipitation from the first particle application can reasonably be expected to 
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have infiltrated and responding as newer groundwater signal, again identifying the complexity of 
the groundwater signal leaving the this relatively simple hillslope.  
  
 
Figure 5.5: Cumulative outflow from rain (blue) and groundwater (orange) normalized by the 
total outflow at each time step for living (triangles) and dead (’s) trees. Lines indicate 
logarithmically binned flows of groundwater (solid) and cumulative rainwater (dashed) for living 
(green) and dead (grey) trees. 
 
5.3.2 Transient scenarios with complete land-surface processes and unique particle end-
members 
Long-term transient simulations identify similar mixing of waters sourced from 
groundwater and snowmelt exiting the hillslope domain (Figure 5.6) as observed in the steady 
state simulations (Figure 5.2).  In contrast to the simpler scenarios, precipitation particles were 
not added at the start of the simulation, initially resulting in more realistic winter conditions. 
Similarly, transient simulations shows a slight delay in the response of old groundwater, likely 
resulting from the start of the simulation prior to snowmelt, when the hillslope is largely 
hydrologically inactive and hillslopes are relatively dry. This delay is larger for the green 
scenario (not shown), when the antecedent moisture conditions are drier, peak SWE is lower, and 
snowmelt begins slightly later.  
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Figure 5.6: Cumulative groundwater (orange circles) and snow (blue numbers) derived outflow 
relative to total domain flow over the transient grey scenario.  Snow particles are introduced on 
the day of peak SWE for each of the first five years (1-5) and scaled relative to the volume of 
peak SWE. 
 
 The seasonal simulations focus on the short-term response in hillslope outflows from 
existing groundwater and discrete applications of particles as rain and snowmelt, consistent with 
the methodology of chemical hydrograph separations and the field observations of Bearup et al. 
(2014a). Surface flow was not generated for this combination of topography, geology, and 
meteorological forcing, except for the outflow induced at the bottom of hillslope. Parflow 
generated hydrographs show a relatively rapid response to rain events indicating the importance 
of subsurface storm flow in the absence of surface flow (Figure 5.7). Outflow over the season 
was 77% higher in the grey scenario than in the green scenario. The difference between the 
transient and steady state increases in outflow shows the importance of land surface processes in 
mitigating increases in outflow predicted when considering differences in net precipitation alone.  
On average, the groundwater table rose 8% over the domain in the grey scenario relative to the 
green scenario, indicative of greater subsurface storage in beetle-killed hillslopes. 
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Figure 5.7: Parflow generated hydrographs for green and grey transient simulations and 
hyetographs derived from the NLDAS forcing.  Volumetric fluxes are provided in m3 over the 
domain for each hourly timestep. 
 
The transient particle simulations, which trace advected water through the hillslope, are 
less responsive to outflows from precipitation events than those determined directly by the 
integrated hydrologic model, which also produces outflow based on pressure propagation.  This 
difference between particle and flow scenarios highlights the lag between pressure and flow 
propagation and reinforces the benefits of the particle tracking approach, which prevents 
decoupling of mixing and pressure responses (Weiler et al. 2003).  Furthermore, the observed lag 
supports the conceptual model that the hillslope response to storm events is a mix of inputs from 
previous years’ precipitation. As presented in Figure 5.8, the contribution to outflow from 
snowmelt is relatively constant over this seasonal simulation. While particles in this model were 
applied as a pulse and do not fully reflect the temporal patterns of snowmelt, the steady response 
of the fraction of flow derived from snowmelt reflects the relatively constant early time behavior 
observed in the groundwater break through curves from the steady state simulations seen in 
Figure 5.3. As additional pulses of rain are added (vertical lines in Figure 5.8 identify the start of 
storm events), the outflow derived from rain increases accordingly; however the contributions 
from rain are small relative to flow derived from snow and old groundwater.  The combined 
effect of additional precipitation and accumulation of groundwater particles from upslope, cause 
a sudden increase in old groundwater leaving the bottom of the hillslope.  In the grey scenario, 
the higher water table and higher snow and P-E inputs relative to the green scenario, cause this 
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increase to occur approximately 20 days earlier in the season (Figure 5.8).  During this period in 
early July, the total outflow from the hillslope is nearly an order of magnitude greater in the grey 
phase scenarios than in the green. After both systems have reached a steady hillslope response, 
the increase from the grey to green scenario drops to 23%. Over the season, however, the 
outflow from the beetle-killed particle simulations is about 58% greater, representing a 
seasonally averaged 58% increase in flow derived from preexisting groundwater, 64% increase 
from snow, and a 56% increase from precipitation.  
 
Figure 5.8: Particle derived hillslope outflows from existing groundwater (orange), snow (cyan), 
and rain (navy) for transient green (a) and grey (b) scenarios.  Snow is introduced on the day of 
peak SWE (vertical cyan line) and rain particles are introduced over 8 discrete events (vertical 
navy lines). 
 
 
 a. 
   
  b. 
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The difference between the increases in total seasonal outflow from the integrated 
hydrologic model and the particle tracking simulation are consistent with the lack of tailing 
observed as a result of the shorter duration of the seasonal simulations and identify the capacity 
for memory in the system. While the long-term impacts of tree death on the hillslope outflow 
may be less severe than the impacts modeled over shorter periods in the summer after infestation, 
the implications for transport through these systems are compelling. Furthermore, the complex 
spatial and temporal patterns of tree death may further extend the delay in hillslope response. 
Initially, beetles spread rapidly to unimpacted stands in watershed areas forested with preferred 
species and leading to a rapid loss of transpiration, but some compensatory uptake from 
remaining trees. As infestation progresses, new tree death is related to an intensification of attack 
in already impacted areas (Meddens and Hicke 2014), and more complete loss of transpiration 
and eventually interception. Infestation therefore represents a continuum of hillslopes with 
varying degrees of time-varying impact and a resulting continuum of hydrologic responses, 
potentially contributing additional tailing to particle age distributions. 
The earlier hillslope outflow response in the beetle-killed scenarios is an important 
component of the fractional hydrograph separations created from the particle simulations (Figure 
5.9) and useful for comparison with the watershed chemical and isotopic hydrograph separation 
results of Bearup et al. (2014a). These field-based results suggest that the contribution to 
streamflow from groundwater in late summer increased by approximately 30% in a watershed 
that was more recently and extensively impacted by a bark beetle outbreak.  Considering that the 
watershed-scale outflow integrates responses from hillslopes at different elevations and with 
different vegetation cover (Penn 2014), a greater increase is expected from a uniformly impacted 
hillslope, as observed in the seasonal model results.  The field study found an increasing 
contribution from groundwater through the summer period, in contrast to the more isolated 
period of old groundwater increase, as determined by the particle tracking simulations. The 
differences between the hillslope scale model and watershed scale field results suggest that 
upscaling across multiple hillslopes will affect both the timing and magnitude of the increase in 
groundwater contributions to streamflow.  The particle simulations indicate that the difference in 
groundwater contributions is related to higher water availability and thus earlier groundwater 
response in the grey scenario. Across multiple hillslopes with different antecedent moisture 
conditions, degrees of infestation, localized weather events, and distances to the watershed 
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outlet, the timing of peak response will occur over longer time scales with muted magnitude, 
consistent with the watershed field observations.  
 
 
Figure 5.9: Numerical hydrograph separations of fractional outflows from rain (navy), snow 
(cyan), and old groundwater (orange) for green (a) and grey (b) simulations, and direct 
comparisons of groundwater from both land cover scenarios (c). 
 
These hillslope scale model results successfully identify the important timing 
mechanisms controlling the difference between land cover scenarios, before moving to larger 
scales and are also able to identify the complex mixture of waters within end-members. The 
model also provides the ability to identify mixtures within end-members, an inherent challenge 
   
     b. 
         
     a. 
   
      
      c. 
 84 
of field based end-member mixing analyses. Specifically, the electrical conductivity of end-
members used in the field study represent unreacted rain and snow; however the model identifies 
the importance of subsurface event flow, which would imply some level of reaction.  In this 
sense, the rain and snow end-members are actually “newer” groundwater that has the potential to 
mix with the old, preexisting, groundwater in the system and complicate field measurements of 
the combined groundwater end-member. 
5.4 Conclusions 
In this work, we present an approach to model streamflow generation processes and their 
response to land cover perturbations at the hillslope scale by using a fully integrated 
groundwater-surface water-land surface model with a Lagrangian particle tracking approach that 
mimics stable isotope methods of source water attribution.  This approach tracks the water 
through the surface water, vadose zone, and groundwater domains to directly simulate chemical 
hydrograph separation. Both the steady state and transient simulations indicate promising 
agreement between these physically based models, isotopic and chemical observations of runoff 
partitioning, and our conceptual model of changing hillslope runoff generation with land cover 
perturbations. These results suggest further application of similar methods is appropriate at larger 
scales where direct interpretation of dominant hydrologic processes is more challenging. The 
modeling approach presented here captures the following key hydrologic concepts: 
1. outflow from the hillslope contains a mix of water sourced from precipitation 
events over multiple years as well as old groundwater; 
2. the slope of break through curve tails is likely controlled by subsurface 
properties and topography, while meteorology and land cover parameters may 
control the timing of the tails; 
3. “old” groundwater was the greatest contribution to outflow from the hillslope 
in late summer, but was also an important contribution in addition to event flow 
during snowmelt and storm events; 
4. shifts in the timing and magnitude of groundwater contributions to streamflow 
are seen in the hillslope model and field observations. 
In addition to the identification of interesting conceptual model components, the 
physically-based model run here (ParFlow.CLM+SLIM) were able capture the hillslope response 
to land cover perturbations.  Comparing a hillslope of living pine forest to the beetle-killed 
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hillslope identified the importance of land cover in streamflow generation and residence times. 
Beetle-killed hillslopes initially had a higher fraction of outflow from groundwater, however the 
long-term memory may be shorter than in living forests due to a higher water table and greater 
precipitation inputs and turnover.  Over seasonal time scales, the importance of the greater water 
availability is highlighted by the earlier response of the hillslope, driving a higher groundwater 
fraction earlier in the season.    
Despite its simplicity, this modeled provides insight into the complex challenges of 
understanding the hydrologic response to land cover at the hillslope scale. Moving forward, 
adding model complexity would provide insight into additional important processes across 
spatial scales and years with variable weather conditions. One important future consideration is 
the inclusion of hydrodynamic dispersion, through the incorporation of subsurface heterogeneity 
or diffusion (Jones et al. 2006). Dispersion induces additional mixing and would provide 
additional clarity into the complex signal of a given end-member. The hillslope scale models of 
this work also provide a foundation for similar applications at watershed or regional scales that 
are influence more heterogeneously by land cover change.  By capturing the physical processes 
in the hydrologic system we move toward a better understanding and prediction of hydrologic 
response to land cover change. 
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CHAPTER 6 
CONCLUDING REMARKS  
 As changing climate continues to alter the landscape of the mountains of Western North 
America, understanding changes in fundamental hydrologic and biogeochemical processes 
becomes increasingly important.  This dissertation describes a threefold effort to elucidate some 
of the important watershed responses to a recent MPB epidemic that has disturbed forests 
throughout the region. Beetle-induced tree death changes water quality and quantity by altering 
processes from the tree scale, such as metal mobility (Chapter 3), to the watershed scale, such as 
streamflow generation (Chapter 4), and even the transport processes that connect these scales, 
such as flow paths and residence time distributions (Chapter 5). Mechanistic understanding of 
these complex and interrelated processes across scales is therefore necessary to protect important 
water supplies sourced from the Rocky Mountains.  
In Chapter 3 of this work, analyses of soils under MPB beetle-killed trees reveal the 
potential for increased metal mobility.  Geochemical models further identify changes in organic 
carbon as a primary driver of metal sequestration and mobilization in impacted forests, although 
not all metals exhibited the same dominant geochemical mechanisms.  As a result, these findings 
point to changes in metal release with infestation that are both long term (e.g. from zinc that has 
accumulated in the soil profile) and short term (e.g. flushing of copper by DOC from needle 
leachate). The transport processes of mobilized metals and other potential nutrient fluxes from 
the tree to the stream, however, may also be altered by MPB infestation.  As described in 
Chapter 4, hydrograph separations based on field samples of stream water, snow, rain, and 
groundwater, found that the fraction of streamflow derived from groundwater is higher in 
watersheds with more widespread and recent MPB-induced tree death. These findings identify 
the potential for water quality changes as different sources of water reach the stream and implore 
hydrologists to look for impacts from land cover change beyond typical measures of streamflow 
such as peak flow and water yield. The watershed memory of disturbance is also an important 
component of the long-term impacts. The novel modeling approach described in Chapter 5 
combines a physically-based model of the subsurface through the land surface with a particle 
tracking code that simulates rain, snow, and existing groundwater movement as surface and 
subsurface flow. By providing additional controls on spatial and temporal variability, the model 
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identified important changes in hydrologic mechanisms with land cover change, consistent with 
the changing streamflow contributions observed in the field study. The results also provide 
insight into key processes for conceptual models of hillslope streamflow generation, most 
notably capturing the mix of water with different ages and sources and the shift in this mix with 
land cover change. 
Ultimately, understanding alterations in hydrological and biogeochemical processes 
transcends the current infestation and provides a foundation for adapting to future disturbance, 
particularly as these mountain headwaters continue to face changing land cover and climate. The 
need to monitor and evaluate theses watershed responses continues as trees fall and forests begin 
to recover.  Specifically, future work should investigate how signals from living, dead, and 
recovering forests combine and the long-term implications for water quality in these watersheds. 
By identifying mechanisms that drive the response to land cover perturbations, these collective 
results can provide insight across regions and ecosystems and provide direction for stakeholders 
charged with adapting to a changing water supply. 
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APPENDIX A 
SUPPLEMENTAL INFORMATION TO CHAPTER 3: METAL FATE AND PARTITIONING 
IN SOILS UNDER BARK BEETLE-KILLED TREES 
 
 
 
Figure A-1: Distribution of Trace Metals in soils under trees in different phases of attack. Color 
progression from dark to light represents the progression of metal content in exchangeable 
(darkest), acid soluble, reducible, and oxidizable (white) soil fractions under green, red and grey 
phase trees. 
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Table A-1: Initial PHREEQC model conditions. Initial surface concentrations were based on the 
sum of the mobilizable (exchangeable and acid soluble) and organic fractions of the SEP.  Pine 
needle leachate was based on the findings of Mikkelson et al (2014).  
 
Initial Surface 
Composition 
(mol/g) 
Pine Needle 
Leachate 
(mol/L) 
Mg 3.91x10-5 7.49x10-5 
Zn 3.10x10-7 1.46x10-6 
Ni 1.16x10-7 0.00x100 
Cu 8.65x10-8 9.72x10-8 
Ca 8.20x10-5 1.03x10-4 
Cd 3.33x10-9 4.10x10-9 
Na 2.44x10-6 3.08x10-5 
Al 1.26x10-6 8.66x10-6 
Fe 1.69x10-5 5.51x10-7 
K 7.50x10-6 2.05x10-4 
pH 5.0 4.0-5.0 
 
 
 
Table A-2: Average KD values (L kg-1 ) for all metals and base cations (Ca, K, Mg, Na) from 
Keystone Gulch soils. Significance indicated with italicized and/or bold font according to: 
p<0.1, p<0.05, p<0.01* 
 
Organic Horizon 
 
Mineral Horizon 
 
Green Red 
 
Green Red 
Al 998±956 385±179 
 
2167±845 899±594 
Fe 2957±3591 828±255 
 
4754±1597* 1658±1193* 
Mn 255±243 116±64.5 
 
305±186 297±62.6 
Ba 1361±1356 560±290 
 
1404±661 889±91.2 
Zn 952±1216 299±210 
 
2479±2346 912±345 
Cd 393±489 207±67.6 
 
554±187 166±52.0 
Cu 761±678 374±116 
 
1075±882 426±158 
Ni 693±690 275±180 
 
1376±959 513±232 
Ca 169±80.8 122±53.2 
 
205±117 202±53.1 
K 51.9±46.0 11.5±16.3 
 
175±113* 63.2±28.2* 
Mg 244±171 92.2±53.5 
 
1236±797 479±156 
Na 200±116 79.4±101 
 
4991±11547 4619±5456 
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Table A-3: Average percentage of metal in each soil fraction. Average provided for set of three 
trees in each phase of attack and average for each metal including all tree phases. 
 
GREEN 
Exch Acid Reduce Oxidize 
Zinc 14.7% 9.9% 48.6% 26.8% 
Nickel 22.9% 18.9% 38.0% 20.2% 
Copper 4.1% 19.2% 33.8% 42.8% 
Cadmium  31.8% 4.6% 37.7% 26.0% 
  
 RED 
Exch Acid Reduce Oxidize 
Zinc 14.0% 12.4% 53.5% 20.1% 
Nickel 20.2% 22.4% 38.8% 18.6% 
Copper 4.4% 27.9% 31.6% 36.1% 
Cadmium 27.0% 6.7% 36.7% 29.6% 
 
 
 GREY 
Exch Acid Reduce Oxidize 
Zinc 13.3% 7.4% 50.6% 28.7% 
Nickel 19.6% 14.3% 45.5% 20.5% 
Copper 5.2% 15.8% 22.0% 57.0% 
Cadmium 39.1% 6.4% 31.8% 22.6% 
 
    ALL-PHASE AVERAGE 
Exch Acid Reduce Oxidize 
Zinc 14.0% 9.9% 50.9% 25.2% 
Nickel 20.9% 18.6% 40.8% 19.8% 
Copper 4.6% 20.9% 29.2% 45.3% 
Cadmium 32.6% 5.9% 35.4% 26.1% 
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APPENDIX B 
SUPPLEMENTAL INFORMATION TO CHAPTER 4: HYDROLOGICAL EFFECTS OF 
FOREST TRANSPIRATION LOSS IN BARK BEETLE-IMPACTED WATERSHEDS 
 
B.1 Field data 
 The following section contains field data collected in Rocky Mountain National Park in 
the summer of 2012.  Additional results are provided as needed from the Sueker et al. (2000) 
study.  
B.1.1 MPB impact in studies watersheds 
Table B-1: Watershed and infestation properties of the two studied watersheds on the east 
(shaded) and west sides of the Continental Divide. Mountain pine beetle (MPB) impacted area 
represents the cumulative percentage of impacted area through 2012. 
Watershed Area (km2) Sampling Elevation (m) 
MPB-impacted 
area (%) 
Onset of 
Infestation 
Big Thompson 95.02 2468 32.3% 2006 
North Inlet 72.82 2590 23.7% 2004 
 
B.1.2 Streamflow, Precipitation, and Chemistry 
The winter of 2012 experienced low snowfall, with a maximum snow water equivalent 
(SWE) of 36.6 cm at the Bear Lake SNOTEL site (elevation of 2895m, site #322) in the Big 
Thompson watershed, compared to 49.8 cm in 1994 and the 10-year average maximum SWE of 
52.8 cm.  The low snowfall experienced in 2012 was consistent between the two studied 
watersheds, indicating the spatial analysis provides some control for the variability in climatic 
conditions between years (Figure B-1).  Further discussion of interannual variability is provided 
in Section B.4.3.  While no SNOTEL sites are located within the North Inlet watershed, the two 
closest sites on the western side of RMNP reported 2012 maximum SWE of between 18.5 and 
39.9 cm, for elevations ranging from approximately 2750 m to 3260 m (at the Phantom Valley 
(#688) and Lake Irene (#565) SNOTEL Sites, respectively).  
The watershed averaged SNODAS SWE on April 1, 2012 was 12.56 cm in the Big 
Thompson watershed compared to 12.96 cm in the North Inlet watershed (Figure B-2a) (National 
Operational Hydrologic Remote Sensing Center 2004). While some uncertainty is inherent in 
SNODAS products, field observations have confirmed that SNODAS estimates SWE reasonably 
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well in forested areas (Clow et al. 2012).  In alpine areas, SNODAS does not adequately capture 
the wind redistribution of snow, particularly near the Continental Divide, and results in an 
overestimation of SWE on the windward (western) aspects and an underestimation on the 
leeward (eastern) side (Clow et al. 2012).  In the North Inlet, the SNODAS data indicate little 
remaining snow above tree line, suggesting this effect may be partially captured in the low snow 
year Furthermore, correcting for the wind effect would increase the Big Thompson SNODAS 
prediction and decrease the North Inlet prediction, likely causing the watershed-averaged SWE 
estimates to converge.   
 
 
Figure B-1: Snow water equivalent (SWE) based on three SNOTEL sites in RMNP, including 
Bear Lake at 2895m elevation in the Big Thompson watershed, provided for the 1994 and 2012 
water years, and Phantom Valley at 2750 m and Lake Irene at 3260 m near Grand Lake, CO for 
the 2012 water year (NRCS; available at http://www.wcc.nrcs.usda.gov/snow/).  A water year is 
the 12-moth period from October 1 through September 30 designated by the calendar year in 
which it ends. 
 
Total precipitation for the 2012 water year was also comparable between the two 
watersheds. The watershed averaged annual precipitation was 74.3cm in the Big Thompson 
watershed and 75.7 cm in the North Inlet watershed (Figure B-2b) based on the sum of the 4km 
PRISM AN81 monthly dataset over the 2012 water year (Prism Climate Group 2013).  For 
comparison, the Lake Irene SNOTEL site measured 65.0 cm of accumulated precipitation, 
including snow, while the Bear Lake SNOTEL site reported 73.4 cm, although about 3 cm of the 
difference can be attributed to a rain event recorded near Bear Lake during the last week of the 
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water year (Figure B-3).  In 1994, the Bear Lake SNOTEL site reported 84.0 cm of total 
precipitation, largely attributable to higher snow accumulation.  Accumulated rainfall over the 
late summer period, from July 1 to October 1 was 17.3cm at the Bear Lake SNOTEL site in both 
2012 and 1994.  The Lake Irene site experienced slightly less rain over this period, accumulating 
15.2cm, although storm timing was more consistent between the sites than between 1994 and 
2012.  
 
 
Figure B-2: (a) SNODAS estimates of 1km gridded SWE on April 1, 2012. (b) PRISM estimates 
of 4km gridded total precipitation for the 2012 water year in the Big Thompson (BT) and the 
North Inlet (NI) watersheds. The Bear Lake (BL), Lake Irene (LI), and Phantom Valley (PV) 
SNOTEL sites are also provided for reference.  Note the low snow accumulation around the 
Phantom Valley SNOTEL site, consistent with Figure B-1. 
 
The 2012 peak flow in the Big Thompson at the USGS gauge below Moraine Park 
(#402114105350101) was 6.0 m3 s-1 (212 cfs), less than half of the average peak flow over the 
life of the gauge. Similarly, flow at the sampling location, approximately 3 km upstream from 
a) b) 
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the USGS gauge, peaked at 5.0 m3 s-1 (Figure B-3; 175 cfs).  Winter minimum baseflow at the 
Big Thompson USGS gauges is typically close to 0.10 m3 s-1 (3-4 cfs), compared to the early fall 
low flows of approximately 0.28 m3 s-1 (10 cfs), indicating the stream still receives some 
unreacted inputs and is not at baseflow during this season (USGS National Water Information 
System; available at http://waterdata.usgs.gov/nwis). 
 
 
Figure B-3: Big Thompson and North Inlet discharge (Q) and precipitation (P) in 2012. 
Discharge taken from USGS transducers and manual measurements at Big Thompson near Fern 
Lake Road (USGS site # 402123105370401) and North Inlet below Summerland Park (USGS 
site # 401530105475401). Precipitation was obtained from the Bear Lake SNOTEL site (#322) 
and the Lake Irene SNOTEL site (#565). 
 
Stream water samples were collected in triple-rinsed high-density polyethylene (HDPE) 
bottles using the equivalent width interval (EWI) technique.  In 2012, Big Thompson stream 
water ∂18O compositions increased during the study period, from -16.13 in early July to -13.72 in 
early October, and the stream water electrical conductivity (EC) increased from 12.5 µS/cm in 
early July to 19.8 µS/cm in early October (Figure B-4). North Inlet stream water isotopic and EC 
compositions (data not shown) showed similar trends across the period, increasing from -16.02‰ 
to -12.88‰ and from 13.9 µS/cm to 19.6 µS/cm, respectively. In 1994, the Big Thompson 
stream water ∂18O compositions increased from -17.95‰ in early July to -15.78‰ in early 
October and the stream water EC increased from 12.2 µS/cm to 17.8 µS/cm. 
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The 2012 rain EC at the Beaver Meadows NADP site ranged from 4.9 µS/cm in early 
July to 18.3 µS/cm in early October, whereas in 1994 it ranged from 13.2 µS/cm to 11.2 µS/cm, 
with a peak of 22.1 µS/cm in mid September. Silica data were not available for precipitation 
samples. Precipitation chemistry was obtained through the National Atmospheric Deposition 
Program (NADP) and National Trends Network (NTN) using weekly averaged data at the 
Beaver Meadows site (NADP-NTN; available at http://nadp.sws.uiuc.edu/data/ntndata.aspx) near 
the Big Thompson sampling location. The 2012 isotopic (∂18O) concentration from the Big 
Thompson rain gauge ranged from -7.61‰ in early July to -4.58‰ in early October, however the 
trend was less consistent than for stream water and exhibited a peak value of -3.41‰ in early 
August (Figure B-4). The 2012 precipitation isotopic concentration from the west-side rain 
gauge ranged from -5.99‰ in early July to -7.61‰ in early October, however this gauge 
exhibited a less pronounced trend and more scatter than the rain gauge in the Big Thompson 
watershed.  In 1994, precipitation ∂18O compositions in the Big Thompson ranged from -6.75‰ 
in early July to -10.95‰ in early October, with a peak of -4.39‰ in early September. The 2012 
rain EC at the NADP site ranged from 4.9 µS/cm in early July to 18.3 µS/cm in early October, 
whereas in 1994 it ranged from 13.2µS/cm to 11.2 µS/cm, with a peak of 22.1 in mid September.  
Snow ∂18O was considered constant at -18.34‰ for the 2012 studies and -19.50‰ for the 1994 
study (Sueker et al. 2000). 
Groundwater samples were collected using a Jack Rabbit pump and Tygon tubing rinsed 
with deionized water.  A minimum of three well volumes were flushed prior to sample collection 
and used to triple rinse HDPE sample bottles. EC measurements were conducted once returned 
to the lab and taken in duplicate or until measurements stabilized. In 2012, the Big Thompson 
groundwater isotopic concentration ranged from -16.10‰ in early July to -13.46‰ in early 
October and exhibited similar isotopic trends as the stream. The groundwater EC ranged from 
19.8 µS/cm in early July to 24.9 µS/cm in early October (Figure B-4).  While the EC appeared to 
be reasonable, the cation analyses of two shallow groundwater samples were not consistent with 
the other field results and were thus not included in further analysis. The North Inlet groundwater 
isotopic composition ranged from -15.73‰ in early July to -15.56‰ in early October but had a 
peak of -13.69‰ in late July, while the EC ranged from 33.6 µS/cm in early July to 46.3 µS/cm 
in early October.  The 1994 groundwater ∂18O and EC composition were considered to be the 
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average baseflow composition and held constant at -16.54‰ and 32.6 µS/cm, respectively, per 
the methodology of the original study (Sueker et al. 2000).  
 
 
 
Figure B-4: Time series of chemical constituents in Big Thompson stream water, shallow 
groundwater, rain, snow, and an alpine spring in 2012.  
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B.2 End Member Mixing Analysis  
 The following section provides additional details on the end member mixing analysis 
(EMMA) used to support the hydrograph separations in this work. Within this analysis, 
important tracers were identified and end-members were selected. 
B.2.1 Methodology 
EMMA was used to identify appropriate tracers and end-members that contribute to 
streamflow in the Big Thompson watershed, consistent with the methodologies of 
Christophersen and Hooper (Christophersen et al. 1990; Hooper 2003; Christophersen and 
Hooper 1992).  EMMA uses principal component analysis (PCA) to evaluate the variability in 
stream water chemistries and determine the appropriate number of components, and by extension 
end-members, needed to describe contributions to streamflow.  PCA determines the eigenvalues 
and eigenvectors of the correlation matrix of X*, defined by a matrix of n samples by p tracers 
normalized by subtracting the mean of each tracer and dividing by the standard deviation.  The 
eigenvalues are then used to determine how much variance is described by each factor, while the 
matrix of eigenvectors, V, can be used to project the original observations into U-space which 
reduces the number of working dimensions.  Given X*, the projected matrix, U is equal to: 
.      (1) 
 
In this projection, V is an m x p matrix that utilizes the first m eigenvectors, where m is 
determined by the number of factors needed to adequately describe the variance in the data. 
Hooper (Hooper 2003) suggests that this dimension should be the smallest needed to remove any 
patterns from the distribution of residuals between the projected and original data.  To calculate 
the residuals, the projections must be expressed in terms of the original solute, or by solving the 
orthogonal projection : 
.                                                       (2) 
 
The projections in concentration units, !∗, can be destandardized by multiplying by the standard 
deviation and adding the tracer mean to yield !.  Residuals are then calculated as: 
 
.                    (3) 
U = X *VT
X̂*= X *VT *(VVT )−1V
E = X̂ − X
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Curvature in the plotted residuals may indicate non-conservative mixing or variable end-member 
concentrations (Hooper 2003) and should be evaluated in light of knowledge of the watershed 
geochemistry.  The model fit is quantified using the relative root mean square error (RRMSE), 
calculated as  
 
.     (4) 
 
After constructing a PCA model based on the stream concentrations, the proposed end-member 
concentrations are orthogonally projected using the PCA-derived matrix of eigenvectors and 
equation 2 with the appropriate end-member concentrations.  For consistency in comparison, 
end-member concentrations should be standardized with the stream water mean and standard 
deviation.  
U-Space projections can ultimately be used to perform hydrograph separations, similar to 
those traditionally done using individual tracers. Hydrograph separations are based on the 
principal that the stream water is a mixture of chemistries from different sources and the fraction 
of water contributed by each end-member (f) can be determine by solving a system of linear 
mixing equations that utilizes the first m projections for each component.  For two dimensions, 
or three end-members, the system of equations is defined as:  
 
!1 = !!"#$!1!"#$ + !!"#$!1!"#$ + !!"#$%&'()*"!1!"#$%&'()*"
!2 = !!"#$!2!"#$ + !!"#$!2!"#$ + !!"#$%&'()*"!2!"#$%&'()*"
1 = !!"#$ + !!"!" + !!"#$%&'()*"
 . 
 
B.2.2 Streamflow Tracer Selection  
Traditionally, EMMA uses mixing diagrams comparing tracers against each other to 
determine what tracers are appropriate.  Combinations of tracers and end-members that are 
conservative will bound the stream samples and thus provide a first means of selecting applicable 
tracers(Christophersen et al. 1990). After analysis of the temporal (Figure B-4) and mixing 
(Figure B-5) trends in tracer concentrations, potassium was removed from the analysis, as it did 
RRMSE =
x̂ij − xij
i=1
n
∑
n
x j
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not contribute a consistent or distinct signal for the shallow groundwater end member.  Silica 
was included in the analysis, however temporal silica precipitation data were not available, so a 
best estimate of 1umol/L was used based on previous USGS measurements in RMNP. PCA was 
performed with the remaining seven tracers.   
 
Figure B-5: Mixing diagrams of chemical constituents in Big Thompson stream water from 
2012.  All units consistent with Figure B-4. 
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The first two principal components account for 98% of the total variance in the Big 
Thompson dataset (Figure B-6). Conventional PCA commonly uses the rule of one as a cutoff, 
indicating that the principal component describes more variance than the original variables and is 
appropriate for inclusion in the model.  In this analysis, the first two factors are the only 
eigenvalues in this analysis that are greater than one, further suggesting it is appropriate to move 
forward with two factors.  As the number of suggested end-members is equal to one more than 
the number of PCA factors, this analysis indicates that a three end-member model is suitable 
(Hooper 2003).  Additional discussion and investigation of the applicability of a 2-D model is 
provided in Section B.2.3. 
 
 
Figure B-6: Percent of variance described by each principal component (bars) and the cumulative 
variance upon adding additional factors (line). 
 
Analysis of the biplot constructed using the first two factors suggests that information 
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the analysis did not substantially change the variance described by the first two factors, although 
the first factor accounts for less of the combined variability (Figure B-7b). The model used to 
proceed was based on 6 tracers (Ca, EC, Na, Si, Mg, ∂18O) and described 98% of the variability 
in the Big Thompson stream water concentrations. 
Figure B-7: (a) Biplot using the first two principal components for the seven tracers and (b) the 
percent and cumulative variances described by each factor if sulfur is removed from the analysis.   
 
The residuals between the projected and original concentrations are useful to determine 
the suitability of the selected model (Hooper 2003).  Any observable structure in the distribution 
of residuals suggests lack of fit in the model, likely due to violation of mixing model 
assumptions (Liu et al. 2008).  For the 2-D model, the distribution of the residuals was nearly 
random, as indicated by the low R-squared values (R2<0.07; Figure B-8). Although still not 
significant, the sodium residuals were the least randomly distributed and had the highest R-
squared. The remaining tracers had more consistent R-squared values (R2<0.02).  Closer 
investigation of the distribution of sodium residuals highlights the importance of the single high 
concentration sample that appears to bias the trend in the distribution.  This point corresponds to 
early season streamflow, prior to snowmelt and may be more representative of a baseflow 
component than streamflow.  Section B.2.3 further discusses the importance of this baseflow 
component.  In addition to the lack of linear trends, the distribution of the residuals had no 
apparent curvature, which would indicate non-conservative mixing (Hooper 2003). 
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Figure B-8: Residuals between the 2-D PCA projection and the solute concentrations.  
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exhibits a slight decreasing trend in the residuals (R2=0.21), although maintaining significant 
scatter.  The remaining tracers had relatively low RRMSE values and did not appear to exhibit 
trends in the residuals, indicating that the 1-D model captures Ca, Mg, and EC compositions 
fairly well.  The 3-D model describes 99% of the variance in the data, as seen in Figure B-7b.  
As a result, the RRMSE values (Table B-2) are very low and the residual plots do not exhibit a 
defined structure (R2<0.02 for all tracers; data not shown).  While the model provides an 
excellent fit, the third factor does not meet the rule of 1, indicating that the amount of additional 
information provided is insignificant.  In addition, plots of the projections based on 2-D or 3-D 
models are indistinguishable from Figure B-9a. 
 
Table B-2: Relative root mean square errors for each tracer using a 1-, 2-, and 3- dimensional 
model, corresponding to a 2, 3, and 4 end member mixing model, respectively. 
Number of 
Dimensions 
RRMSE (%) 
EC Na Si Ca Mg ∂18O 
1 3.2 12.8 7.1 3.3 6.4 -6.2 
2 3.2 7.2 4.1 2.8 3.5 -0.8 
3 3.0 0.4 4.1 2.3 1.7 -0.1 
 
From the mixing diagrams in Figure B-5, it is clear that at least one precipitation and one 
groundwater end-member are suitable to describe this dataset.  With the inclusion of the third 
end member, the distribution of the stable isotope residuals is random and the RRMSE is greatly 
reduced, suggesting the third end-member is likely related to precipitation.  Stable oxygen 
isotopes provide distinct mixing signals between rain and snow for all the remaining chemical 
tracers (Figure B-5).  These observations suggest rain, snow, and a representative groundwater 
source are appropriate end-members for this system.  Three possible groundwater end-members 
were sampled in this watershed: (1) shallow riparian groundwater wells, (2) an alpine spring, and 
(3) pre-melt stream baseflow.  The high-altitude, alpine spring did not provide a distinct 
chemical signal through time (Figure B-4), or in U-Space (Figure B-9), suggesting it was 
chemically similar to stream water and not an appropriate groundwater end-member for this 
analysis.  The shallow groundwater wells were distinct for the chemical tracers, with Ca, Mg, 
and EC having particularly distinct signals, although this was not the case for ∂18O (Figure B-4).  
Combined in U-Space, the shallow groundwater signal adequately bounded the stream water 
samples, particularly for the samples taken during the late summer through early fall period 
(samples 14-23; Figure B-9a).  It noteworthy that the stream samples follow expected temporal 
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patterns, in that pre-melt samples (1-4) align well with the shallow groundwater signal, and the 
stream moves toward the snow signal as melt progress, prior to returning toward a more 
groundwater and rain dominated signal later in the summer (Figure B-9a). This qualitative 
interpretation of the U-space plot provides additional confidence in the use of shallow 
groundwater as an end-member.  Furthermore, shallow groundwater or soil water contributions 
are the end-member most likely to be affected by tree death from the MPB. Sap flow estimates 
suggest canopy transpiration in MPB-attacked pines will be reduced to less than 40% within 2 
months(Hubbard et al. 2013).  The loss of water flux from the subsurface directly impacts the 
water availability in the root zone of the tree, which for lodgepole pines is predominantly in the 
top 0.4m(Knight et al. 1981). Thus the increased water flux will likely reflect the fingerprint of a 
shallow groundwater source.  
 
Figure B-9: Mixing diagrams of stream water and end members projected into U-space defined 
by (a) including pre-melt stream samples in the PCA analysis or (b) separating the pre-melt 
stream samples as a constant baseflow end-member.  Numbers indicate changes in the projection 
with time for stream water (black), and well water (orange). Alpine spring compositions were not 
distinct from stream water and are indicated by small grey squares. 
 
An alternative approach is to use the average pre-melt baseflow composition as a proxy 
for groundwater. This approach assumes that melt and/or precipitation water does not contribute 
significantly to the pre-melt streamflow chemistry and that the baseflow component is constant 
throughout the study period.  To evaluate the baseflow stream chemistry as a possible end-
member, the first four stream samples, taken from February through early April and 
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corresponding to the time period prior to melt (Figure B-3), were removed from the larger stream 
water dataset and not included in the PCA model development.  The average of these samples 
was then projected into the defined U-space (Figure B-9b).  Using a separate and constant 
baseflow representation as a groundwater end-member shifts the early season stream water 
samples toward this end-member and away from the shallow groundwater samples; however the 
flow tends toward the shallow well samples as the season progresses.  The shallow well samples 
were collected from July through October, and thus also represent a late summer to early fall 
shallow groundwater signal.  The corresponding late summer stream samples (14-23) are well 
constrained by this shallow groundwater signal (Figure B-9b).  
B.2.4 End-Member Contributions to Streamflow 
Analysis of the U-space mixing diagrams suggests that either groundwater end-member 
approach might be appropriate and should be analyzed in the context of the corresponding 
hydrograph separations. Utilizing a temporally varied shallow groundwater end-member 
generates a reasonable hydrograph separation for the late season stream water contributions 
(Figure B-10a).  The early season contributions, however, produced negative fractions of 
streamflow from rain.  Because a significant rainfall signal is not anticipated in March or April at 
these altitudes, it is not entirely surprising that the model failed to handle this season well, and a 
two-component separation may have been adequate.  As this study focuses on late summer 
contributions, the negative rain fractions were excluded from additional analysis. The late 
summer and early fall groundwater contributions are reasonable and the rain events in late July 
are captured in this separation.  The hydrograph separation based on a constant baseflow end-
member generally produces realistic trends in stream water contributions, with higher fractions 
of stream water attributed to groundwater in the early and late seasons (Figure B-10b). This 
model appears to be more sensitive to rainwater compositions, resulting in an abnormally high 
September spike in groundwater contribution when the separation should reflect an increase in 
runoff during a recent precipitation event.  This abnormality is likely a result of the weekly 
averaged precipitation data causing a misalignment between the dilute storm precipitation 
composition and the stream water sample. Despite this spike, the constant end-member model 
potentially captures the precipitation contribution better than the temporal groundwater end-
member; particularly as the snow contribution starts to decline in the late summer. If the pre-melt 
stream water samples are removed from the baseflow analysis, but the temporally varied shallow 
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groundwater end-member is used, the separation begins to deviate from the expected distribution 
(Figure B-10c).   
 
 
Figure B-10: Normalized hydrograph separations based on combinations of end-members: (a) 
time-varying shallow groundwater combined with time-varying rain and constant snow end-
members (b) average base-flow as constant groundwater, time-varying rain, and constant snow 
end-members, (c) time-varying shallow groundwater combined with temporal rain and constant 
snow end-members based on U-Space constructed without pre-melt streamflow, and (d) time-
varying shallow groundwater and constant baseflow groundwater used with snow as three end-
members.   
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While the groundwater contribution appears reasonable, the separation of the snow and 
rain contributions is not adequately captured, with the exception of the rain events in July.   This 
deviation may be attributed to the inability of the model to capture the variability in sodium 
concentrations, and the higher sodium concentrations toward the end of the study period.  The 
final hydrograph separation approach uses both the constant baseflow and time-varying shallow 
groundwater end-members, assuming they represent different sources of groundwater; however, 
this method only utilizes the snow end-member as representative of precipitation, as it provides a 
better visual bound to the stream samples (Figure B-9).  The combined groundwater fraction 
from this approach (Figure B-10d) is very similar to that determined by both the constant 
baseflow case (Figure B-10b) as well as the temporally varied shallow groundwater case (Figure 
B-10a), suggesting a single groundwater end-member is sufficient.  While some of the tested 
models struggle to fractionate the overland flow component into rain and snow contributions, the 
groundwater fraction is relatively consistent between the four methods. 
B.3 Individual Tracer Hydrograph Separations 
The above discussion of the full EMMA demonstrates the suitability of a three end-
member model, including snow, rain, and groundwater components.  While the use of five 
tracers provides insight into the variance captured by more complete chemistry, it also provides a 
baseline to check simpler models against.  Applying simpler models to less complete datasets is 
an important benefit of using hydrograph separation approaches based on individual tracers and 
allows for comparison of systems experiencing climatic, land cover, or other environmental 
changes, such as widespread tree death from the MPB, assuming the end-member selection is 
appropriate across systems.  In this study, single tracers were examined to compare the 2012 Big 
Thompson dataset to the 1994 Big Thompson and 2012 North Inlet watersheds (Figure B-11).   
Stable oxygen isotopes can be used to distinguish between runoff contributions from rain 
and snow. Traditionally, stable isotopes are used to distinguish between “event” and “pre-event” 
water.  In the case of snow-dominated watersheds, such as those analyzed in this study, event 
water refers to snowmelt, while pre-event water is indicative of existing water in the watershed 
not attributed to snowmelt inputs.  In contrast, multiple tracers may suitably differentiate 
groundwater contributions from overland flow contributions.  These contributions are commonly 
referred to as “reacted” and “unreacted”, as the concentration of cations and other products from 
subsurface geochemical reactions can be used to distinguish between different flow paths.  Two 
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commonly used tracers for this purpose are Na (Sueker et al. 2000) or EC (Laudon and 
Slaymaker 1997).  Sodium is convenient because it can be compared directly to the results of the 
1994 Big Thompson hydrograph separation study presented in Sueker et al (2000), whereas EC 
is available for a wider variety of samples and often with higher frequency.   
 
 
Figure B-11: Three end-member hydrograph separations based on individual tracers, including 
(a) EC and ∂18O with temporally varied shallow groundwater end-member (light orange), (b) EC 
and ∂18O with a constant average baseflow groundwater end-member (dark orange), (c) Na and 
∂18O with temporally varied shallow groundwater end-member, and (d) Na and ∂18O with a 
constant average baseflow groundwater end-member.  
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The hydrograph separation based on EC and ∂18O (Figure B-11a-b) agreed well with the 
full EMMA hydrograph separations in Figure B-10. In addition, the two groundwater end-
member approaches (i.e. time-varied shallow groundwater or constant average baseflow) resulted 
in similar groundwater contributions to streamflow (Figure B-12).  The hydrograph separations 
based on Na and ∂18O were less consistent with each other. The time-varying shallow 
groundwater sodium separation overestimated the snow contribution at the expense of the 
groundwater contribution (Figure B-11c) and did not compare well with the trends identified in 
previous separations.  Conversely, the constant baseflow Na separation provides a better 
approximation of the distribution of contributions to streamflow, particularly when compared to 
the EMMA constant baseflow separation (Figure B-10).  While the magnitude varies slightly, 
using ∂18O with either EC in either constant or shallow groundwater end-members or with Na as 
a constant groundwater end-member provide reasonable estimates of the groundwater 
contributions to streamflow.   
B.4 Temporal and Spatial Comparisons of Hydrograph Separations 
 With the above described simplifications, the hydrograph separation can be applied to 
datasets from different watersheds and years. The following section dives further into these 
comparisons. 
B.4.1 Comparison of Sodium and EC generated separations in 1994 and 2012 
The Sueker et al4 study reports the monthly averaged groundwater contributions based on 
a three end-member hydrograph separation using Na and ∂18O. The trends in groundwater 
contributions through the late summer and early fall are consistent with the hydrograph 
separations identified as realistic from the above analysis (Figure B-12).  The baseflow Na 
methodology is most directly comparable to the Sueker et al (2000)  study and also results in the 
greatest increase in groundwater contributions between 1994 and 2012.  These increases suggest 
a perturbation to the water budget in the Big Thompson watershed between these years that 
would cause a higher proportion of water reaching the stream through subsurface flow paths in 
the late summer and early fall.  Perhaps the largest environmental change during that time 
interval is the MPB-related death of trees on over 30% of the watershed.  Additional analysis and 
details on the comparisons between the results of the 2012 Big Thompson, 1994 Big Thompson, 
and 2012 North Inlet hydrograph separations are provided in the main text of the manuscript in 
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order to further investigate the effects of the loss of tree cover on stream water partitioning in 
infested watersheds. 
 
 
Figure B-12: Comparison of groundwater contributions to flow using four methods of 2-tracer 
hydrograph separations, as described in Figure B-11.  The average monthly groundwater 
contribution to the Big Thompson River in 1994 is also provided from Sueker et al(Sueker et al. 
2000) and was performed in that study using a constant baseflow groundwater end-member 
based on Na and ∂18O. 
 
B.4.2 Comparison of Seasonal Trends in Groundwater Contributions to Streamflow 
The significance of the seasonal trends in groundwater contribution was compared using 
standard linear regression analysis of groundwater fraction and sampling day over the study 
period.  Regression analysis found no significant seasonal trend in the North Inlet groundwater 
fraction from July through September (p>0.2). In contrast, increasing seasonal trends in the Big 
Thompson were significant in 2012 (p<0.0005) and 1994 (p<0.03) (Figure 4.3c-d; Figure B-13). 
Using the slope of the regression lines to indicate the magnitude of the increase through the late 
summer suggests that the increasing trend during the 1994 season was nearly half of the rate of 
increase in 2012.   
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Figure B-13: Regression analysis of seasonal trends in groundwater contributions to streamflow 
in the Big Thompson in 2012 with temporally varied groundwater end-member (x) and constant 
baseflow end-member (c), in the Big Thompson in 1994 (S), and in the North Inlet in 2012 (N). 
 
B.4.3 Analysis of End-Member Uncertainty, and Interannual Variability  
The importance of each end-member toward estimating groundwater contributions to 
streamflow was evaluated in the context of possible sources of variability or uncertainty for 
snow, rain, and groundwater ∂18O and EC measurements.  The uncertainty and variability 
estimates were applied to the 3-phase hydrograph separation equations (equations 1-3) using first 
order Taylor expansion in the propagate R-package(Spiess 2014). The methodology for 
classifying the sources of uncertainty is based on Uhlenbrook and Hoeg (2003) and include 
estimates of each variable (i.e. ∂18O and EC) for each end-member (i.e. snow, rain and 
groundwater).  Some combinations did not require estimates of uncertainty.  For example, 
groundwater EC was found to be independent of elevation for six watersheds in RMNP based on 
data from Sueker et al (2000).  The five categories described below and summarized in Table B-
3, were each analyzed individually and the highest category value was used to depict error in the 
hydrograph separation figures (Figure 4.3 & Figure B-14a).  Of the five categories, uncertainty 
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from spatial heterogeneity was found to result in the highest error in the hydrograph separation 
as seen in Figure B-14b. 
 
Table B-3: Categories of error and associated uncertainty for each variable.  Only variable for 
which error was identified are included in this analysis. 
Error Type and Variable Uncertainty Method of Quantification 
I. Measurement Error  
∂18O 0.2‰ Standard deviation of standard water analyses 
EC 0.2 µS/cm Average standard deviation of all duplicate measurements 
II. Intra-storm variability 
∂18Orain 0.6‰ Difference between bulk and event sample 
III. Elevation effects 
∂18Orain 1.0‰ ±500m based on strong elevation relationship (Figure'B)15) 
∂18Ogw 1.0‰ ±500m based on weak elevation relationship  
IV. Mixing and runoff formation reactions 
ECgw 1.6 µS/cm 
Average baseflow standard deviation in 6 watersheds in 
RMNP(Sueker et al. 2000)  
∂18Osnow 1.4‰ Estimated impact from melt water enrichment(Mast et al. 1995)  
V. General spatial heterogeneity 
ECsnow 1.8 µS/cm Standard deviation of two NADP sites in RMNP 
ECrain 1.8 µS/cm Standard deviation of two NADP sites in RMNP 
ECgw 3.0 µS/cm 10% variability, consistent with Uhlenbrook and Hoeg (2003) 
∂18Osnow 2.1‰ 
Possible Change from interception (Claassen and Downey 
1995) 
∂18Ogw 0.6‰ 
Standard deviation of baseflow concentrations in 6 watersheds 
(Sueker et al. 2000) 
 
Temporal variability is an important consideration in mixing analyses(Inamdar et al. 
2013), necessitating periodic sampling of both stream water and end-members. In addition, intra-
storm variability (Category II) in rain ∂18O compositions may contribute additional error and was 
quantified as the difference between an event sample and the weekly bulk samples and included 
in the error analysis. The 2012 analysis utilizes weekly to biweekly stream, rain, and 
groundwater samples to reduce uncertainty from temporal variability; however, snow sampling 
was only performed in early April to capture peak snow pack.  A range of ∂18O concentrations 
for the snow end-member was analyzed in order to quantify the uncertainty in the groundwater 
fraction from variable snow end-members.  The range was defined by considering processes that 
influence the temporal and spatial variability in snow isotopic composition, including melting 
processes (Category IV), as well as spatially heterogeneous sublimation from the ground or 
canopy (Category V).  A study of snow water isotopes in RMNP found that the meltwater 
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isotopic signature increased quickly during early stages of melting and then remained relatively 
constant through the melt (Mast et al. 1995). The 2012 study, however, was performed over the 
late summer season after the period when the temporal fractionation from snowmelt is relevant 
and thus a constant snow ∂18O was considered sufficient.  On average, meltwater in RMNP prior 
to late season snow was observed to be 1.4‰ heavier than the corresponding snow pack (Mast et 
al. 1995).   In a nearby watershed, the maximum enrichment of meltwater compared to the 
average snowpack was 2.0‰ (Taylor et al. 2002).  In addition to melt processes, changes in 
interception and ground sublimation processes may also alter the snow sample inconsistently 
across the watershed.  In the Colorado Rocky Mountains, enrichment of intercepted summer 
precipitation was found to be negligible, while the average enrichment of ∂18O from interception 
of winter precipitation was 2.1‰ (Claassen and Downey 1995). In this study, snow sampling 
was conducted in a forest opening and likely represents a mixture of snow that was intercepted 
and that which fell directly to the forest floor. In the event that the sampled snow was entirely 
composed of either extreme, i.e. intercepted, and thus partially sublimated snow, or fresh snow, 
the snow sample may vary by up to ±2.1‰.  Using a range of ±2.1‰ provides a simplifying 
assumption to capture the uncertainty in the mixture of intercepted to unintercepted snow in a 
single snow sample or the influence of melt water (Figure B-14).  
As seen in Figure B-14, the uncertainty associated with a range of snow isotopic 
composition results in groundwater fractions that are still higher than estimated in the spatial and 
temporal control scenarios for most of the study period. Early in the sampling period, when snow 
is a more influential constituent, the uncertainty in this end-member approaches the difference 
between the control scenarios. Combined with other sources of spatial heterogeneity, the mid-
summer groundwater contributions to streamflow are not substantially different between 
watersheds. During the snowmelt period variability in snow processes may overwhelm a 
potential signal from changes in transpiration, further identifying the late summer low-flow 
period as the season of interest for this study.  
Seasonal variability of isotopic composition in summer precipitation was captured by 
weekly to biweekly sampling and is represented by the error bars in Figure B-15. Precipitation 
isotopic compositions are also known to vary spatially.  Elevation is one of the primary local 
controls on precipitation isotopic composition. In this study, rain samples from near the sampling 
locations were utilized for consistency between locations; however additional gauges were 
 132 
installed higher in the Big Thompson watershed. As seen in Figure B-15, the average rate of 
depletion was approximately 0.2‰ over 100m, consistent with observations in other 
mountainous regions(Clark and Fritz 1997). The highest sampling location was representative of 
above treeline conditions and exhibited an average depletion of 2.55‰ compared to the samples 
collected at the lowest sampling location. The isotopic composition of rain-derived streamflow is 
a mix of samples from this range of elevations. The uncertainty associated with elevation in the 
precipitation signal (Category III; Table B-3) was incorporated assuming ±500m. The resulting 
range of groundwater contributions is relatively insensitive to the isotopic composition of rain, 
particularly when compared to the uncertainty envelope of the groundwater end-member 
analysis. 
 
Figure B-14: (a) Fractional groundwater contribution to streamflow. Error bars based on greatest 
uncertainty estimate from Spatial Heterogeneity determined for each sampling date of the Big 
Thompson and North Inlet in 2012. Navy shaded region represents the portion of uncertainty 
from spatial variability related to interception changes on isotopic compositions of throughfall;  
(b) Relative error from each of five error sources described in Table B-3 above. Spatial 
Heterogeneity represented the largest source of uncertainty and was used to develop the 
uncertainty estimates in Figure 3 of the main text. 
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Figure B-15: The relationship between elevation and seasonally averaged ∂18O from July to 
October for three rain sampling locations in the Big Thompson watershed, including Moraine 
Park (2485m), Bear Lake (2900m), and Ute Trail (3497m). Error bars represent seasonal 
variability. The average change in isotopic composition is -0.2‰ per 100m rise in elevation 
(R2=0.88). 
 
The temporal analysis in the main text of this work uses two methods for estimating the 
groundwater end-member: approximately biweekly 2012 shallow groundwater measurements 
and a constant tracer value based on 1994 winter baseflow measurements.  The 2012 temporally-
varied groundwater end-member used in this analysis may reflect some hyporheic zone mixing, 
as the wells are installed in the riparian area of the studied streams.  This mixing may result in 
decreased conductivity and thus an overestimation of the subsurface contribution. The 1994 
groundwater contribution, however, may be underestimated due to the use of a constant tracer 
concentration based on baseflow measurements(Sueker et al. 2000; Williams et al. 1993). To 
compare directly to the Sueker et al(Sueker et al. 2000) methodology, the 1994 approach was 
applied as a lower limit for the sensitivity of the model to the groundwater end-member. To 
identify the range of possible groundwater contributions based on the limitations of these two 
approaches, the 2012 hydrograph separation of the Big Thompson was performed using a 
constant groundwater end-member that was the mean of the four stream samples prior to melt in 
February through early April (∂18O = -15.62‰, EC =25.43 µS/cm) which represents a 
perturbation of the groundwater end-member of up to 29% and 16% for EC and isotopic 
composition, respectively. The mean groundwater contribution decreased from 0.56 in the 
temporally varying groundwater end-member case to 0.47 for the constant baseflow end-member 
case, while maintaining the increasing trend (Figure 4.3d; Figure B-14).  Similarly, the 
regression slope decreased slightly but was still highly significant (p<0.0005).  
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As introduced in Section B.1.2, the 2012 water year experienced less than average 
snowfall.  While the spatial analysis was conducted in order to account for this interannual 
variability, the temporal analysis repeatedly found increases in total groundwater flows to 
streams.  As seen in Figure 4.4 in the main text, stream discharge in 1994 was often higher than 
in 2012, although periods of summer precipitation periodically caused higher stream discharge in 
2012 than in 1994. Despite these differences in total flow, the flux of groundwater to the stream 
is higher in 2012 than in 1994. These groundwater fluxes were calculated based on the fractional 
contributions determined in the hydrograph separation analysis and the total streamflow.  The 
consistency of higher groundwater contributions despite variations in annual precipitation and 
snowfall confirms that characteristics or disturbances other than interannual variability are 
altering streamflow generation processes. Furthermore, when bounding the analysis with the 
simplifying assumption that the 27% interannual decrease in SWE in 2012 directly translates to a 
27% decrease in streamflow and a corresponding 0.27 fractional increase in groundwater 
contributions compared to 1994, the groundwater fractions are still 4% higher after MPB 
infestation.  Furthermore, if this assumption is only applied to the first month of the analysis, 
when snow inputs are more likely to be influential, the average increase is approximately 10%.  
While this assumption does not account for the complex interactions between groundwater and 
runoff generation(Frisbee et al. 2012), or the spatial heterogeneity of tree death and regrowth as 
illustrated in Figure B-16, it does provide further evidence to attribute the differences in 
groundwater contributions to MPB-infestation and the loss of transpiration at the watershed 
scale. 
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Figure B-16: Regrowth occurring near the North Inlet stream sampling location.  Photo 
compliments of A.E. Landes Photography.   
